Google 



This is a digital copy of a book that was preserved for generations on Hbrary shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http : //books . google . com/| 



I 



i^Wi 



I9> 



I 



^0^0'^^^ 



fco. 
19) 



WORKS BY THE SAME AUTHOR. 

ALL FULLY ILLUSTRATED. 



THE PRINCIPLES OF ELECTRIC WAVE TELEGRAPHY 
AND TELEPHONY. 

Second Edition. 906 pp. 28s. 

AN ELEMENTARY MANUAL OF RADIOTELEGRAPHY 
AND RADIOTELEPHONY. 

Second Edition. 340 pp. 7s. 6d. net. 
LONGMANS, GREEN, AND CO. 

A TREATISE ON THE ALTERNATE CURRENT TRANS- 
FORMER IN THEORY AND PRACTICE. 

Vol. I. — ^The Induction of Electric Currents. 612 pp. Third Edition. 

125. 6d. 
Vol II. — ^The Utilization of Induced Currents. 600 pp. 12s. 6d. 

A HANDBOOK FOR THE ELECTRICAL LABORATORY 

AND TESTING-ROOM. Second Edition. 
Vol. I. — Equipment, Resistance, Current, Electromotive Force, and Power 

Measurement. 538 pp. 12s. 6rf.net. 
Vol. II.— Quantity and Energy, Capacity and Inductance, Photometry, 

Magnetic and Iron, Dynamo, Motor and Transformer Testing. 622 pp. 

14s. net. 

ELECTRIC LAMPS AND ELECTRIC LIGHTING. 

93 Illustrations. Second Edition. Extended and revised. 260 pp. 6s. 

THE CENTENARY OF THE ELECTRIC CURRENT, 1799- 
1899. 

15. net. 

THE ELECTRONIC THEORY OF ELECTRICITY. 

IS. 6d. 

HERTZIAN WAVE WIRELESS TELEGRAPHY. 

3s. 6d. net. 

ELECTRICAL LABORATORY NOTES AND FORMS. 

A Series of 50 Elementary and Advanced Laboratory Sheets for the use of 

Demonstrators and Students in Electrical Laboratories. Price ^d. each, 

3s. 6d. per dozen ; complete set, los. 6d. ; in portfolio, 12s. ; bound in 

cloth, I2S. 6d. 

THE ELECTRICIAN PRINTING AND PUBLISHING COMPANY, LTD. 

WAVES AND RIPPLES IN WATER, AIR, AND iETHER. 

85 Original Illustrations. Second Edition. 300 pp. 2S. 6d. 

THE WONDERS OF WIRELESS TELEGRAPHY. 

An Elementary treatise for the general reader. Second Edition. 280 pp. 

3s. 6d. 
THE SOCIETY FOR PROMOTING CHRISTIAN KNOWLEDGE. 



MAGNETS 

AND 

ELECTRIC CURRENTS 

AN ELEMENTARV TREATISE 

FOR THE USE OF ELECTRICAL ARTISANS 

AND SCIENCE TEACHERS 

BY 

J.'■A^''FLEMING, M.A. D.Sc. F.R.S. 

THIRD EDITION 



lonoon : 

K. & F. N. SPON, Limited, 125 STRAND 

^tbi l^oilt: 

SPON ft CHAMBERLAIN, ii} LIBERTY STREET 
I9I4 



n 



E] 






MAGNETS 



AND 




RIC CURRENTS 



VI MAGNETS AND ELECTRIC CURRENTS. 

PAGB 

Magnetic Flux — Circuital Quantities — Magnetic Circuits — Unit ol 
Magnetic Flux — The Weber — Flux Density — Magnetic Reluctiv- 
ity and Reluctance — Magnetomotive Force — Relation of Magnetic 
Force, Magnetomotive Force, Magnetic Flux — Flux Density, Re- 
luctance, and Reluctivity — Permeance — Permeability — Measure of 
Magnetic Flux — Definition of a Weber — Unit of Magnetomotive 
Force — Rational and Irrational Magnetic Units — Magnetic Equa- 
tions •• •• .. .. .. .. •• ., 44 

CHAPTER IV. 

ELECTRIC CURRENTS AND ELECTROMOTIVE FORCE. 

Electric Currents — Electromotive Force — Classification of Electric 
Currents — Resistance and Conductance — Inductance — Production 
of an Electric Current — Voltaic Cell — Exploration of the Magnetic 
Flux associated with the Cell — Construction of a Galvanometer — 
Simple Mirror Galvanometer — Electrochemical Series — Practical 
Forms of Voltaic Cells — Standard Cells — Calomel and Clark Cell 
— Preparation of Clark Cell — Board of Trade Specification for 
Standard of Electromotive Force — Effect of Temperature on 
Clark Cell — Thermo-electric Currents — Thermo-electricity — Peltier 
and Thomson Effects — Magneto-electric Currents .. .. •• 79 

CHAPTER V. 

THR MEASUREMENT OF ELECTRIC CURRENTS. 

The Magnetic Flux round a Current — Construction of Coils — Table 
of Copper Wire Sizes — Magnetic Field in interior of Long Bobbin 
— Magnetic Field round Circular Coil — Tangent Galvanometer — 
Theory of Tangent Galvanometer — Definition of Practical Unit of 
Current — Electrolysis — Electrolytes — Legal Definition of the Am- 
pere — Electrochemical Equivalents — Determination of a Current /. 
Value by Electrolysis of Copper — Calibration of a Tangent Gal- 
vanometer — Practical Electric Units — Ohm, Ampere, Volt, Legal 
Definitions — Silver Voltameter — Resistance and Resistivity — 
Tables of Resistivity of Metals and Alloys — Standards of Resistance 
— Ohm's Law — Fxperimental Proof of Ohm's Law — Magneto- 
motive Force round a Straight Current — Relation of Total Current 
to Magnetomotive Force round the Circuit .. .. .. .. io6 



CONTENTS. VIJ 



CHAPTER VI. 

ELECTROMAGNETIC INDUCTION. 

PAGE 

Faraday's Discoveries — Fundamental Facts of Electromagnetic Indac- 
tion — Graphical Delineation of Rate of Change of varying Quan- 
tities — Relation of Magnetic Flux and Electromotive Force — Defi- 
nition of Unit of Magnetic Force — Measurement of Magnetic Flux 
through a Circuit — Linkage of Flux and Circuit — Use of the 
Ballistic Galvanometer — Construction of Ballistic Galvanometer 
— Rule for Magnetic Field in Interior of Long Helix — Induced 
Electric Currents— Currents Created by Moving Magnets — Rules 
as to Direction and Magnitude of the Induced Electromotive Force 
— Faraday's Law of Induction — Mutual Inductance-^Unit of In- 
ductance — The Henry — Conductors Cutting Magnetic Flux — Fara*^ 
day's Disc — Electromotive Force set up in Conductors Moving in 
Magnetic Fields — Rule as to Magnitude and Direction — Hand 
Rule .. 147 



CHAPTER VII. 

ELECTROMAGNETS. 

Magnetisation Curves — ^Tabular Results for Iron and Steel — Perme- 
ability and Flux Density for various Magnetic Forces — Hysteresis 
Curves — Physical Meaning of the Area of a Hysteresis Curve — 
Energy Dissipation during Magnetic Cycles — Steinmetz's Law of 
Hysteresis — Hysterctic Constants — Hysteresis Values for various 
Flux Densities — Magnetic Requirements for Dynamo, Transformer 
and Magnet Making — Electromagnets, Construction and Design — 
Calculation of Magnetising Force to produce a given Flux Density 
— The Lifting Power of Electromagnets — Tractive Force — Deter 
mination of Permeability from Tractive Force — Bidwell's Experi- 
ments — Movements of Magnetic Bodies in Non-uniform Field — 
Construction of Electromagnets for Various Purposes — Field 
Magnets of Dynamos — Measurement of Field of an Electromagnet 
— Elongation of Iron on Magnetisation — Effect of Heat on Mag- 
netic Properties of Iron — Magnetic Theories .. •• 177 



Vlil MAGNETS AND ELECTRIC CURRENTS. 

CHAPTER VIII. 
ALTERNATING CURRENTS. 

PACE 

Alternating Currents — Frequency — Periodic Time — Graphical Repre- 
sentation of Periodic Currents and Electromotive Force — Wave, 
Clock, and Polar Diagrams — Root-Mean-Square Value of a Peri- 
odic Current — True Mean Value of a Periodic Current — Sine 
Curve Currents — Form Factor of a Wave of Current — Addition of 
Alternating Currents — Scalar and Vector Quantities — Inductance 
— Inductive Circuits — Alternating Current Flow in Inductive Cir- 
cuits — Relation of Current and Electromotive Force in Alternating 
Current Flow — Graphical Representation — Impedance, Reactance, 
and Resistance — Triangular Connection — Lag of Current behind 
Electromotive Force — Ohmic and Inductive Electromotive Force 
— Alternating Current iTransformers — Design — Construction — Al- 
ternating Current Distribution — The Induction Coil — The Action 
of the Condenser in an Induction Coil .. .. •• .. 232 



CHAPTER IX. 

ELECTRIC MEASURING INSTRUMENTS. 

Classification of Instruments— The Potentiometer— Galvanometers — 
Astatic Mirror Galvanometer — Movable and Fixed Coil Galvano- 
meters — Sensibility of Galvanometers — Measurement of Electrical 
Resistance — Fall of Potential Method — Wheatstone*s Bridge — 
Metric Bridge and Post Office Pattern of Bridge— Construction of 
Standard Resistances — Manufacture of Low Resistances — Special 
Resistance Alloys — Current-carrying Capacity of Wires — Preece's 
Fuse-wire Table — Direct-reading Ammeters and Voltmeters — 
Weston Instruments — Scale Errors — Curves of Calibration — Alter- 
nating Current Instruments — Siemens Electrodynamometer— 
Kelvin Ampere Balances— Hot-wire Instruments— Cardew Volt- 
meter—Electromagnetic Instruments— Electrostatic Voltmeters — 
Kelvin Voltmeters— Measurement of Electrical Power— Watt- 
jneters— Alternating Current Wattmeter— Power Factor of Circuit 
— Watt^iour and Ampere-hour Meters— Ferranti, Shallenbergcr, 
*nd Thomson Me eis .. ,, .. .. .. •• 270 



CONTENTS. JX 

CHAPTER X. 

rifE GENERATION OF ELECTRIC CURRENTS. 

Electric Current Energy — ^Transforming Devices — The Dynamo- 
Elementary Theory of the Dynamo— Organs of the Dynamo — 
Lecture Table Model of Dynamo — Classiiication of Dy. amos — 
Excitation of Field Magnets — Shunt, Series, and Compound 
Wound Djmamos — General Design of Continuous Current Dyna- 
mos—Ring and Drum Armatures — Mode in which the Electro* 
motive Force is Generated in Ring and Drum Armature Co. Is — 
Armature Reaction — Back and Cross Turns in Armatures — Leak- 
age of Field — Angle of Lead of Brushes — Non-sparking Point on 
Commutator — Proper Position of Brushes — Alternators— Single- 
phase and Two-phase — Various Types of Alternator Armature — 
Efficiency and Efficiency Measurement of Dynamos — Hopkinson's 
Method of Testing Dynamos — Primary and Secondary Batteries — 
Electrolysis — ^Theory of Electrolysis — Plante Secondary Cell — 
Faure*s Cell — Plants and Pasted Plates — Construction of Secon- 
dary Ce'l — Calculation of the Energy contained in a Secondary 
Cell — Ampere-hour and Watt-hour Efficiencies — Chemical Action 
in Secondary Cells — Primary Cells — Single Fluid, Two Fluid, and 
Dry Cells — ^Kelvin's and von Helmholtz's Equation for the Electro- 
motive Force of a Cell . . • • .. •. .. ,. ,. 339 



APPENDIX. 

I. Measurement of the Earth's Horizontal Magnetic 
Field Strength 393 

ri. Table of Natural Sines, Cosines and Tangents .. 400 



INDEX 403 



PREFACE TO THE THIRD EDITION 

The first Edition of this little book was published seven- 
teen years ago,but the favourable reception it met with 
necessitated the publication of a second Edition, and 
the exhaustion of this last impression has produced 
"a call for a third. It has i\ot been considered neces- 
sary to enlarge the book or alter its scope. It deals 
with the fundamental and elementary principles on 
which Electrical Engineering is based, and these are 
not subject to variation. Hence considerable stress is 
laid at the outset on quantitative measurements and 
numerical values. 

The book has been found useful as a class book for 
Electrical Engineering students in their first or second 
year, but in it no attempt is made to enter into 
technical details of dynamo construction or of Electric 
Lighting, for instruction in which many excellent 
special text-books exist. The young student who 
masters the simple principles explained in this little 
book will be equipped with knowledge which will 
enable him to study with advantage more advanced 
treatises on particular branches of Electrical Engineer- 
ing. 

J. A. F. 

University College, London. 
JunCy 1914. 
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CHAPTER I. 

MAGNETS AND MAGNETISM. 

§ I. Magnets. — In order that the student may properly 
understand the fundamental facts concerning magnets 
and electric currents, he is recommended to try, or to 
witness, the simple experiments described in the suc- 
ceeding pages, and as far as possible to verify for himself 
the truth of the statements made in the chapters of this 
short treatise. 

Let him procure in the first place a sample of lode-^ 
stoney the scientific name for which is Magnetite, some 
iron filings, a bundle of steel knitting needles, a skein of 
floss silk, some fine copper binding wire, a few iron nails, 
and also' small screws of iron, steel, and brass. In ad- 
dition include, if possible, one or two small pieces of 
metallic nickel and cobalt. 

Lodestone or magnetite can be obtained from nearly all 
mineralogists or dealers in physical and chemical apparatus. 
Good specimens are sold generally for about 2J. 6^. or 5^. a 
Dound. Ii^ choosing a sample, select a piece of an eVongated 
hane * like a plum or large olive, and which picks Mp iron 
tacks or brads well at both ends. Two such pieces, at least, 
should be procured. They should be tested on purchasing, to 
snou u. i'^^^j^ will attract and pick up well a small iron screw 
orthree or four iron tacks at each extremity. 
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Magnetite or lodestone is an oxide of iron, or com- 
pound of iron and oxygen, having a chemical composition 
represented by the formula FcgOi. It is very widely 
distributed in Nature in the earth's crust, and is found in 
masses or veins as a lustrous black or dull brown stone, 
in Sweden, Nova Scotia, Canada, Arkansas in the United 
States of America, and in many other places. It is found 
sometimes in enormous masses, forming beds or even 
entire mountains, and as an ore of iron, furnishes a source 
of very pure iron. It occurs also in New Zealand, Scot- 
land, India and other localities, in a finely granular state 
known as iron sand^ and this is also a source from which 
an excellent quality of iron may be extracted. It may 
be found frequently in crystals having a black lustre and 
an octagonal form, and it is the principal constituent in 
a non-magnetic state of the scale or oxide which is de- 
tached from iron when it is heated red-hot and forged 
under the hammer. 

This ore of iron has been known for long ages past to 
be possessed in varying degrees of two remarkable pro- 
perties which are called its Magnetic Properties, In the 
first place, if laid in iron filings, or io contact with small 
pieces of iron or magnetite, these last cling to it chiefly 
at certain points or edges of the mass which are spoken 
of as the poles of the lodestone. 

The earliest mention, in English, of the attractive proper 
ties of magnetite, or the natural magnet, occurs in the writings 
of Alexander Neckam, in 1200 a.d. In 1269 a very full 
account of the chief facts known about it was given in a cele- 
brated letter by Peter Peregrinus, or Peter the Pilgrim, a soldier 
monk serving in the army of Charles of Anjou, brother of 
Louis IX. of France. This letter, written in the trenches at the 
siege of Lucera, is remarkable for its complete statement of the 
facts of magnetic attraction. On the other hand, long before 
this date much knowledge of the properties of lodestone had 
been obtained by other nations. Early Phrygian iron miners, 
settled in Samothrace, an island in the ^gean Sea, were well 
acquainted with the attractive power of magnetite for iron. 
Priests of Samothrace, in 514 B.C., even sold magnetised iron 
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rings as a remedy for gout in the fingers, just as magnetic 
quacks retail various so-called magnetic remedial appliances to- 
day. 

The second important fact with regard to this parti- 
cular iron ore is, that if an elongated mass of it, having 
two well-defined poles at the extremities, is suspended 
by a thread or floated upon water in a little wooden cup, it 
always tends to place itself with the line joining the poles 
in a certain position with regard to the meridian of the 
place at which it is suspended, and if disturbed from that 
position it returns to it again. In the northern hemi- 
sphere of the earth, one pole of the lodestone sets itself 
approximately towards the north, and the other towards 
the south. 

Let the reader take one of his pieces of magnetite, 
and having determined the position of the poles, suspend 
it by a few fibres of floss silk, so that it hangs with the 
line joining the poles in a horizontal position. It may 
conveniently be upheld by attaching the silk support to 
a little wooden stand. Verify then the following facts. 
If the suspended loadstone is dipped into iron filings, 
these cling on to it, chiefly at the poles, arranging them- 
selves in little tufts. If another piece of lodestone is held 
near to the suspended one it will be found that each end 
or pole of the movable lodestone is differently acted 
upon by one selected pole or end of the fixed lodestone. 
Each pole of the fixed lodestone attracts one end of the 
movable one, and repels the other end of the movable 
one. It is clear, therefore, that the two poles of the 
lodestone are not alike in properties, and their behaviour 
is summed up in the following law : — 

Similar pules Repel, Opposite poles Attract, under- 
standing by the term similar poles, those that are found 
to be magnetically alike, and by opposite poles those that 
are not alike in a magnetic sense, when tested against 
the same pole of a third lodestone. 

Dr. Gilbert, of Colchester, in his great book * De Magnete 
(*0n the Magnet') published in 1600 a.d., first suggested that 

B 2 
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the earth as a whole is a great magnet, or acts as if it were one 
large lodestone, magnetised in an irregular manner. The ten- 
dency of the suspended lodestone at any place on the earth's 
surface to set its axis in a certain direction is merely due to 
the effort of the small lodestone to place its poles towards the 
dissimilar magnetic poles of the earth acting as a great lode- 
stone. Hence we ought properly to call that end of the sus- 
pended lodestone which directs itself towards the north pole of 
the earth the south pole of the lodestone, because that north- 
pointing end is a pole magnetically similar to the southern 
hemisphere of the earth. 

To distinguish the lodestone poles they are generally 
called the North pole or North-seeking pole dind the South 
pole or South-seeking pole, and they are also called some- 
times the Red pole and the Blue pole , and distinguished 
by red and blue paint or paper placed on the poles. 
The student can recollect that /?ed corresponds to 
NoT^th, and Blf/^e to Sot/^th, by noting the way in which 
the letters R and U occur in the words Red and North, 
and Blue and South. 

Hence the law of magnet attraction and repulsion is 
otherwise stated : — 

{North pole} ^"''^^t^ |s!)uth pole} ^"^ 
North pole repels North pole. 
South pole repels South pole, and 
South pole attracts North pole. 

The next fact of importance with regard to the mag- 
netic properties of magnetite is that it can bestow them 
upon iron and steel when placed in contact with it. 

Take a steel knitting needle, and having ascertained, 
by dipping the end of it in iron filings, that it is free 
from magnetism, stroke the knitting needle, say twenty 
times, over the pole of the locjestone with an action like 
a violin bow over the strings ; but drawing the needle 
always one way, and not backwards and forwards. After 
so doing, test the knitting needle by dipping its ends in 
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iron filings. It will be found that they have now 
acquired the property of picking up iron particles, and 
also if the knitting needle is suspended by its centre by 
a fibre of floss silk, it will be seen that the knitting 
needle has acquired a directive property like the lode- 
stone, and that it has a north and a south pole. The 
knitting needle is then said to be magnetised by the 
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Fi^j. I. — Repulsion of similar Magnetic Poles. 

lodestone. Pieces of steel so treated are called Per ma- 
nefit Magnets^ and are spoken of as bar magnets or 
horseshoe magnets, from their shape. Each permanent 
magnet has two opposite magnetic poles ; one of these is 
attracted and the other repelled by one selected pole of 
another permanent magnet. See Fig. i. 

The student or teacher should procure a pair of steel bar 
magnets, not less than 8 or lo inches in length. These are 
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sold in pairs, and generally placed parallel to one another in a 
wooden tray and furnished with short pieces of soft iron called 
keepers placed across me enas. In order to prevent the steel 
from rusting when continually handled by damp hands, the 
magnets should be wiped over occasionally with a cloth just 
sprinkled with a drop or two of paraffin oil. This will keep 
them bright. Also round pieces of red and blue paper should 
be glued on to the poles to indicate clearly the north and south 
seeking poles. In putting them into the tray, lay the magnets 
parallel to each other, but not touching, and with their poles in 
opposite directions. Then place the keepers so as to complete 
the magnetic circuit. The action of the keepers in preserving the 
magnets from loss of power is due to the fact that on thus forming 
a closed magnetic circuit the free poles are practically abolished. 
These free poles exercise a demagnetising action on the rest of 
the bar. After using the magnets in iron filings, be careful to 
wipe off all stray particles of iron adhering, so that the keepers 
may make close contact with the magnet poles. Also a steel 
horse-shoe magnet should be procured, and kept when not in use 
with the keeper on. Contrary to usual statements, it does no 
harm to the magnet to pull off the keeper rapidly. In mag- 
netising a knitting needle or other piece of steel lay the steel on 
the table and draw one pole of a bar magnet uniformly along it 
from one end to the other. Repeat the process many times, 
always drawing the bar magnet one way, and not backwards 
and forwards. The last end of the steel touched becomes a 
pole of opposite name to that of the end of the bar magnet with 
which the steel is stroked. 

Magnetise a steel sewing needle by stroking it with 
a bar magnet, and then suspend it by a short length 
of a fibre of floss silk. A small suspended magnetic 
needle of this kind or a small compass needle is called 
an Exploring Needle, Hold the exploring needle any- 
where near to a piece of lodestone, or to one of the 
bar magnets, and move it about. It will be seen that at 
every point in the neighbourhood of the magnetic mass, 
the small exploring needle takes up a certain direction 
when its vibrations have ceased. This shows that 
magnets, whether natural or steel permanent magnets, 
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affect all the space round them, and the region within 
which their influence is felt is called their Magnetic 
Field. 

Near to the poles of the magnet the field is said to 
be strongs and far away it is said to be weak. The 
magnetic field has therefore two qualities at every point, 
viz. strength and direction. Its direction is shown by 
the direction in which the small exploring needle sets 
itself, and later on we shall show how its strength may 
be measured at any point. 

A convenient form of exploring needle or Magnetometer is 
made by fitting a glass test-tube, f of an inch in diameter, with 
a cork through which passes a pin bent into a hook at the 
lower end. Attach to this hook a fibre of floss silk, and to the 
end of the silk a fragment of magnetised sewing needle half an 
inch in length. Let the needle hang as near as possible to the 
closed end of the tube. Mark the north-seeking end with a 
touch of red paint. 

§ 2. Magnetic Classification of Substances. — 

There are only three pure metals which can be attracted 
or influenced by a not very strong magnet, and these are 
Iron, Nickel and Cobalt. Small pieces of metallic nickel 
and cobalt may be bought at any chemical warehouse, and 
it will be found that an ordinary steel horse-shoe magnet 
picks them up quite easily. Certain alloys or mixtures 
of these three metals are also magnetic* In addition to 
these metals, the compounds of iron, with carbon, known 
as Steel ; with oxygen, in the form of Magnetite (Fe304) ; 
and with sulphur, in the compound called Pyrrhotite 
(Fe^Sg), are substances which are distinguished by similar 
magnetic properties. These bodies and any alloys or 
mixtures of them exhibiting the same powers are called 
the Ferromagnetic or Strongly Magnetic bodies. 

In the next place, there are a number of bodies such 
as the metals Manganese, PalladiuiUy Platinum, and also 
Oxygen (both gaseous and liquid), and numerous salts 
or compounds of iron, manganese, cobalt and nickel, 
which, though not visibly attracted by a feeble magnet 
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or lodestone, can yet be attracted by the pole of a 
very powerful magnet. These bodies are called Para- 
magnetic or Feebly Magnetic substances. All the ferro- 
magnetic bodies become changed into feebly magnetic 
ones by heating to a certain temperature. Thus iron 
at and beyond a temperature called its Critical Tempera- 
ture^ which lies between 690° C. and 870° C, or a bright 
red heat, loses all its strong magnetic qualities. In the 
same way nickel loses them at about 300° C. 

Then there is a third class of bodies including Bis- 
muth^ Antimenyy Phosphorus^ Copper and many other 
metals and substances which are called Diamagnetic 
bodies, and these are feebly repelled by a powerful 
magnetic pole. There is, however, no substance which 
possesses diamagnetic properties to anything like the 
extent to which iron, for instance, possesses magnetic 
properties. It is a remarkable thing that the ferro- 
magnetic or strongly magnetic substances should be so 
few in number, and it points to the fact that there is 
something unique or special in the structure of iron, 
nickel and cobalt in the metallic state, and when at 
temperatures lower than their critical temperatures. 

It is also remarkable that certain alloys of iron with 
other strongly or feebly magnetic metals may be almost 
non-magnetic or at least very feebly magnetic. Thus, 
for instance, an •alloy of iron with 12 per cent, of man- 
ganese in it and some small percentage of carbon, form- 
ing what is known as Hadfields Manganese-steely is a 
very feebly magnetic body.* It can have its magnetic 
properties increased very considerably by prolonged 
heating out of contact with air, and it then passes into 
a strongly magnetic condition. 

Amongst other interesting alloys are the steels con- 
taining nickel. A steel having in it 20 per cent, of 
nickel, for example, can exist in two magnetic condi- 

* The fact that there may be 88 per cent, of iron in a practically non- 
magnetic substance shows that ferromagnetic qualities depend on the 
molecule and not on the atom. 
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r^^u^* If heated to a dull red heat it passes into a 
feebly magnetic state, and retains this state even when 
cooled again to ordinary temperatures. If it is cooled 
to a very low temperature, as by plunging it for a 
moment into liquid air at a temperature of - 185° C, it 
passes into a strongly magnetic state, and retains this 
state when heated again up to the ordinary temperature. 
In the two states, after having been strongly heated 
or considerably cooled, and then brought back to the 
ordmary temperature, the physical qualities of the ma- 
terial are quite different In the feebly magnetic state 
it is fairly ductik and plastic, in the strongly magnetic 
state it is very hard and brittle, and in many other 
respects the physical qualities are quite different, and 
yet the chemical composition remains the same. 

Another fact of some interest is that although iron 
IS the most strongly magnetic metal, and manganese is 
a feebly magnetic metai, yet chemical compounds of 
manganese are more strongly magnetic than the corre- 
sponding compounds of iron. Thus manganous sulphate 
is more magnetic than ferrous sulphate, and similarly in 
many other cases. We are, however, far from under- 
standing the ultimate cause of strong magnetism in 
certain substances, and why it is that pure iron, nickel 
and cobalt stand out distinguished especially by this 
unique property from all other metals and bodies what- 
ever. 

§ 3. Electro-Magnetism. — Although a piece of cop- 
per wire in its ordinary condition possesses no magnetic 
properties, it is possible to produce in and around a 
copper wire a magnetic field by means of an electric 
current. 

Let the student construct the following simple piece 
of apparatus with which to study this effect. 

On a pasteboard tube i inch in diameter and about 
6 or 7 inches long, wind four layers of double cotton- 
covered copper wire of the size known as No. 20. Pro- 
cure a piece of zinc 4 inches long and 3 inches wide 
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and about ^ of an inch in thickness. Bend the zinc into 
a tube I inch in diameter, and fix a cork well soaked in 
paraffin wax at one end. Through a hole in this cork 
pass a rod of hard carbon of the kind sold for arc lamp 
carbons, the carbon being 5 inches long and J an inch in 
diameter. Bind a piece of bare copper wire tightly 
round the end of the carbon, and solder another piece 
of copper wire to the zinc tube, and suspend this carbon- 
zinc couple to the bobbin 
of wire as shown in Fig. 2, 
joining one end of the 
helix of wire to the car- 
bon and the other end to 
the zinc. Hang up the 
whole arrangement by a 
few fibres of floss silk so 
that the zinc tube is ver- 
tical, and let it hang in 
a glass beaker, gallipot or 
tumbler (see Fig. 2). Fill 
the vessel with a solution 
made by mixing in a pint 
of water, 2 oz. by weight 
of strong sulphuric acid, 
3 oz. by weight of crushed 
bichromate of potash, and a quarter of an ounce of 
aiercurous chloride or calomel. 

In making the above battery solution it is best to pour a 
pint of boiling water on the finely crushed bichromate of potash, 
which is a red crystalline salt, to be bought of any chemist. 
Stir it up well, and when it is dissolved and the solution quite 
cold pour into it gently and slowly the strong sulphuric acid or 
oil of vitriol. This last is very corrosive and should be care- 
fully handled. Then stir in the quarter of an ounce of mer- 
curous chloride or calomel The mercurous chloride being 
poisonous should be used with great care. The solution when 
made should be kept in a bottle and labelled " Bichromate 
Solution for Battery." Be careful not to spill the solution about 




Fig. 2. — Spiral Conductor conveying 
an Electric Current exhibiting Mag- 
netic Polarity. 
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in using it, as it will destroy and stain all table-cloths and 
carpets. This solution costs about is. 6d, a gallon to make. 
When the solution has been used once it can be used again by 
adding 2 oz. more of strong sulphuric acid to the pint. Before 
placing the zinc in this battery solution it should be rubbed 
over with a little mercury to amalgamate it. 

When the above described arrangement consisting 
of a carbon rod and a zinc plate, each attached to the 
opposite ends of a long spiral of copper wire, is hung 
freely, so that the carbon and the zinc are immersed 
about four- fifths of their length in the above mentioned 
battery solution, but not touching the containing vessel, 
it will be found that the suspended helix of copper wire 
possesses magnetic properties. If one end of a strong 
steel bar magnet is brought near each end of the helix 
in turn it will be found that the helix or spiral has a 
north pole at one end and a south pole at the other. 
It will direct itself if left alone like the suspended lode- 
stone, and in all respects it behaves just as does a 
permanent steel bar magnet or elongated lodestone. If 
after some time the hand is placed on the wire spiral it 
will be felt to be slightly warm. If a small bundle of 
fine steel knitting needles are placed in the interior of 
the paper tube it will be found that they become strongly 
magnetised, and the whole arrangement will possess 
more marked magnetic properties than before. It is 
clear, therefore, that the carbon fastened at one end of 
the wire and the zinc at the other, when both are dipped 
in an acid solution, enable the copper wire joining them, 
and formed into a helix or spiral, to magnetise the space 
all round it and affect it just as does a bar magnet or 
lodestone. The copper wire under these conditions is 
said to be traversed by an Electric Current^ and the 
term electric current is applied to denote the sum total 
of all the new and peculiar powers possessed by the 
wire under these conditions. 

The carbon, zinc and acid constitute what is called 
a Voltaic Cell or Couple ; the carbon being termed the 
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Positive pole of the cell, and the zinc the Negative pole. 
For the sake of distinction, the current is said to flow 
from the positive pole of the cell through the wire to the 
negative pole of the cell. This, however, is merely a 
convention, and we know little or nothing about the 
actual motions which constitute or accompany the elec- 
tric current. 

If, however, we think for the time being of the current 
as flowing in the wire like water in a piiJe, and as starting 
out from the carbon, then if looking at the helix end-on, 
we view it in such a direction that the current would 
appear to be rotating in the opposite direction to the 
hands of a watch ; that end of the helix nearest the eye 
'A^ill be a North pole. (See Fig. 3.) By constructing two 
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Fi^. 3. — Poles of a Solenoid. 

helices of this kind, it is possible to show that they be- 
have to each other exactly like two bar magnets, as 
regards the mutual attraction and repulsion exercised by 
their poles. 

We shall defer until a later chapter a discussion of the 
various methods of generating electric currents, but henceforth 
assume that the student or teacher wishing to follow out the 
experimental demonstrations here given has the means of ob- 
taining electric currents either from an electric lighting service 
main or by batteries. A small portable secondary battery of 
about six cells, and which can be charged when required off an 
electric supply main, affords a convenient source of current for 
the experiments described. 
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If a helix of wire is formed by winding cotton-covered 
wire closely and evenly in several layers on a pasteboard 
tube, we have what is termed a Solenoid. It is con- 
venient to construct several such solenoids as follows : — 

Pasteboard tubes can be bought or prepared similar 
to those used in sending papers or drawings by post. 
Take such a tube about i foot long and 2 inches 
outside diameter. Provide it with a pair of cheeks or 
ends by glueing on to the ends of the tube square pieces 
of hard wood, about 4 inches square, and which have 
had holes 2 inches in diameter made in them. Then 
wind on the tube six or eight layers of double cotton- 
covered copper wire, No. 18 size, and bring out the ends 
to brass terminals screwed into one end piece or cheek of 
the coil. 

Two such solenoids should be constructed; one made as 
above described, and a second one made without cheeks and 
wound on a tube of pasteboard about i inch in diameter. This 
smaller solenoid should be wound with six or eight layers of 
No. 20 cotton-covered wire, and made so as to slip easily inside 
the larger solenoid. If the student has access to a lathe he 
will find it saves much labour in winding on the wire. In both 
cases the exact number of turns of wire put on the tube should 
be noted, and also the length of the bobbin between the cheeks. 
The number of tums and length should be marked on each 
bobbin for reference. The wire must be wound on very evenly, 
and when finished the outer layer should be varnished with 
shellac varnish and wound over with tape to protect it. It is 
convenient to attach the ends of the copper wire to brass bind- 
ing screws. 

If a bar of soft iron is placed in a helix or spiral of 
wire, and a current sent through the wire in such a 
direction that when looked at end-on the current, if it 
could be seen, would appear to revolve round right- 
handedly, or like the hands of a watch, then that end 
nearest the eye is a South or Blue pole. The direction 
of the acquired magnetism of the iron is in the same 
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direction as that of the field of the empty solenoid or 
helix. (See Fig. 4.) 

An arrangement consisting of a bar of iron or bundle 
of iron wires surrounded by a helix or bobbin of 




Fig. 4. — Poles of an Electromagnet. 

covered wire, which causes the iron to become powerfully 
magnetic when an electric current is passed through the 
coil, is called an Electromagnet. 

For all purposes for which a powerful magnet is practically 
required, electromagnets are used. In most cases these con- 
sist of a large bar of iron bent into the shape of a horse-shoe, 
or of two round vertical bars of iron united at the bottom by a 
yoke. Coils of wire are wound on these iron bars, and on 
passing a current through the coils a very strong magnetism is 
given to the iron. Generally speaking, removable blocks of 
iron, formed with blunt points at one end, are fitted on to the 
poles of the magnet, and these are called Pole Pieces, They 
serve to create a powerful magnetic field when placed on the 
magnet poles and nearly touching. 

In electrical workshops a strong electromagnet is often re- 
quired to magnetise steel bars or needles. A suitable form of 
electromagnet for such purpose may thus be made. A strip of 



MAGNETS AND MAGNETISM. 15 

very soft Swedish iron is taken, about 2 feet long, 3 inches wide 

and T inch thick. This is bent twice at right angles about 6 inches 
from either end, so as to give it a horse-shoe shape. The ends 
may be planed flat. This horse-shoe is then wound over from 
end to end with half a dozen layers of No. 10 S.W.G. double 
cotton-covered wire, and the whole mounted on a convenient 
wooden stand. (See Fig. 5.) If, through such a magnet, a 
current of ro amperes is passed from a few secondary cells, 
very powerful magnetism is excited in the iron core. A steel 
bar A B intended to be magnetised can then be placed across 
the poles and hammered with a wooden mallet whilst the 
current is passing. A few minutes suffice to magnetise the steel 
to saturation. If it is desired to magnetise small needles, such 
as compass-needles, then soft iron plates may be usei as pole 
pieces to enable a small needle, such as a compass-needle, to 
bridge across the interval and so be magnetised. 



Fig. 5. — Workshop EleclromagneL 

§ 4. Magnetic Retentivity and Coercivity. — ^Talc- 
ing a helix of copper wire as described above, place in it 
a small bundle of soft or pure iron wire, the wires being 
cut about the length of the solenoid. These wires should 
be first carefully heated red-hot to deprive them of all 
magnetism. On passing an electric current through the 
copper wire helix, the iron wires will be found to have 
become powerfully magnetic, and will, whilst in the helix, 
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attract other pieces of iron and exhibit all the properties 
of permanent magnets. 

Let the iron wires be then removed carefully after 
interrupting the current, and let them be tested with 
a small suspended exploring needle. It will be found 
that they are still strongly magnetic. They may even 
retain, when removed, as much as 90 per cent, of the 
magnetism they possess whilst in the helix. If, how- 
ever, a smart knock or twist is given to these iron 
wires, and they are then tested again, it will be found 
that nearly all their magnetic polarity has vanished. 
The property of retaining the magnetic state after the 
magnetising force is withdrawn is called Magnetic Reten- 
tivityy and the ability to retain the magnetic state with 
varying degrees of power against mechanical shocks or 
reversed magnetic force is called the Coercive Power of 
the body, or its Coercivity, The coercivity of the iron or 
steel in any magnetic state is measured by the magnet- 
ising force which must be applied to the metal to exactly 
deprive it of all magnetism. This force is called the 
Coercive Force, The retentivity corresponding to any 
state of magnetisation is measured by the percentage of 
magnetisation that remains when the magnetising force 
is merely withdrawn. 

If the same experiment is tried with a bundle of steel 
knitting needles, it will be found that, although mag- 
netised when placed in the helix, the steel is not nearly 
so easily demagnetised after removal by shocks or knocks 
as the iron. The difference in the behaviour of iron and 
steel when magnetised in a helix is expressed by saying 
that the steel has greater magnetic coercivity than the iron, 
although the iron may have as great or even greater 
magnetic retentivity than the steel, as shown by the per- 
centage of magnetism it can retain. The same fact is 
most easily shown in another way. Take a thin iron 
wire of very pure iron, usually called soft iron, and bend 
up the ends at right angles the better to hold it by. 
(See Fig. 6 ) Draw along this wire lightly the pole of a 
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steel permanent magnet once or twice in the same 
direction, and holding it carefully, test this iron wire by 
means of a small pocket compass, or the exploring needle 
already mentioned. It will be found that the iron wire 
is magnetised, and possesses two magnetic poles, a north 
and south pole. Give the wire a sharp twist or two, and 
it will be found on testing it again with the compass 
needle that all magnetic polarity has vanished. Try the 
same experiment with a steel wire, and it will be dis- 
covered that it is not at all easy to deprive it of all the 
magnetic polarity once imparted to it by a similar pro- 
cedure. 
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Fig. 6. — Experiment to show Retentivity of Soft Iron, 

We shall later on describe more in detail how this 
magnetic retentivity and magnetic coercivity are mea- 
sured, but meanwhile the fact to be noticed is that 
magnetisable bodies, such as steel and iron, have very 
different powers of retaining their magnetic state against 
mechanical blows or shocks, or reversed magnetic force. 
Steel once subjected to magnetic force requires a larger 
reversed magnetising force than iron to annul the effect 
of the original magnetising force, but nevertheless a steel 
magnet is deprived to some extent of its magnetism by 
blows, and should never be allowed to fall on the ground 
or be roughly used. 

c 
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If a wire of very soft iron is magnetised, and then 
handled very gently, so as not to shake out of it the 
slightly held magnetism, such a wire is instantly de- 
magnetised by sending along it a sudden discharge of 
electricity. 

When a steel bar is magnetised strongly, eith«r by stroking 
it with another bar or by placing it in a solenoid \raversed by a 
current, part of the magnetism it acquires appears to be held 
less strongly than the remainder. This loosely held magnetism 
is called the Sub-permanent Magnetism, For many purposes it 
is necessary to get rid of the sub-permanent magnetism and 
leave the bar in a more stable magnetic condition, in which its 
magnetic polarity is not altered permanently by time or small 
shocks. This process is called ageing the magnet. It can be 
done by boiling the magnet for twenty-four hours in water and 
also subjecting it to some rough usage. A small piece of mag- 
netised steel can be <7^<?^ im- 
mediately by dipping it into 
liquid air, which exposes it to 
a very low temperature of 185^ 
below zero Centigrade. 

When a bar of iron or 
steel has been magnetised 
in a solenoid, or in any 
other way, that part of the 
magnetism which is re- 
tained even against some 
mechanical shocks is called 
the permanent magnetism. 

The difference between 
the coercivity of iron and 
steel accounts for the dis- 
^'^* 7-T^^agnetic Induction createcj similarity in behaviour in 

in % Soft Iron Bar I, indicated by .1 r ^i_ ^ 

the attraction of Iron Filings. ^"^ ^ase of the two metals 

when placed in a magnetic 
field and then removed from it. Take a short piece of 
very pure iron, say an inch long and a quarter of an inch 
scjuare, and support it by a wire as in Fig. 7. Bring up 
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above it the pole of a bar magnet, placed near to, but 
not touching the iron. Then test the iron by applying 
to it a few iron filings held on a slip of card. It will be 
found that as long as the magnet remains near the short 
piece of iron, it is magnetised, and will hold up the 
filings. On withdrawing the magnet, the short piece of 
iron loses all its apparent magnetism, and the iron filings 
fall away. Try the same experiment, but using a piece 
of steel instead of iron, and it will be seen that the steel 
retains its magnetised state even after the magnet acting 
on it is withdrawn. It is customary to say that the iron 
or steel is in this case magnetised by induction. The 
proper way, however, to regard the effect is to state that 
the magnet exerts a magnetic force at all points in its 
field. If a piece of iron is placed anywhere in this field, 
this magnetic force creates 7nagnetisation in the iron. 
If the magnetic force is withdrawn, this magnetisation 
may disappear almost entirely if the metal is soft or puie 
iron, because of its small coercivity, but does not disap- 
pear if the metal is steel. We shall return to this 
question in another chapter. It may be well, however, 
to mention here that particular qualities of steel called 
magnet steel are prepared which are characterised by 
great coercivity and retentivity. The presence in the 
steel of the metal tungsten is found to bestow this 
quality in a large degree, and hence bars of tungsten- 
steel, tempered glass-hard, are used in making magnets 
which are required to be very permanent. 

In making permanent steel magnets the result to be attained 
is to prepare a quality of steel with both high retentivity and 
coercivity. Such steel is called magnetically hard steel. The 
steel has to be heated and then quenched to give it mechanical 
liardness, and this process bestows magnetic hardness on it as 
well. The temperature at which steel becomes magnetically 
hardened by quenching varies according to the amount of car 
bon in the steel. It is considerably lower in high-carbon steel 
than in low-carbon steel, and corresponds closely to the tern 
perature at which recalescence occurs. The higher above the 
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point of recalescence the steel is heated before being quenched, 
the harder it is magnetically. The magnetic hardening pro- 
duced by quenching is the larger the higher the percentage 
of carbon. To produce strong magnets the steel should, after 
hardening by quenching, be re-heated to 450° C. 

§ 5. Structure of a Magnet. — In considering the 
structure or nature of a magnet, we are assisted to some 
extent by the discovery that it is impossible to separate 
in a magnetised bar that portion of it showing north 
polarity, from that portion of it showing south polarity. 
Let the student magnetise a steel knitting needle, and 
having tested it with the compass needle, and marked 
the polarity of the ends, immerse it in iron filings. It 
will be seen that whilst the filings adhere in bunches 
to the two poles they do not stick on at all in the centre. 




Fig. 8. — Magnet broken in two parts ; each part exhibiting 

complete Polarity. 

This alone would seem to indicate that the magnetic 
power resides in the ends of the bar. Let, how^ever, the 
needle be broken in two parts at the centre, and two new 
magnetic poles immediately will make their appearance 
in the place which was a moment ago an apparently non- 
magnetic region (see Fig. 8). The two half needles will 
then on testing be found to be each a complete magnet 
having two opposite magnetic poles ; the original north 
half gaining a south pole at the central break, and the 
original south half gaining a north pole as its comple- 
ment. This experiment may then be repeated again 
with each half needle, and as long as a piece of needle 
remains large enough to break in half, so long will each 
rupture create two complete little magnets each provided 
with a north and a south pole. 

The inference from this experiment is that every 
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particle or molecule of a magnetised steel bar is a perfect 
little magnet, and a further deduction from the facts is 
that the molecules or perhaps groups of molecules of 
iron or steel are in themselves permanent magnets, and 
that magnetisation consists in arranging these molecular 
magnets in an orderly manner. Hence we must think 
of the molecular magnets in a piece of iron or steel, 
which is not magnetised, as arranged in a manner so that 
they exercise no external action. This could arise in 
the following way : — 

Let a group of six or eight or more small magnets 
be arranged in a circuit with opposite poles in contact 
as in Fig. 9. Such a ring or group of magnets will 
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Fig. 9. — Magnets forming self- Fij;. 10. 

closed Chain. Magnets Colineated. 

exercise no magnetic action upon an external compass 
needle or exploring needle. If then this chain or ring of 
magnets is rearranged so that the constituent magnets 
are made to point all one way as in Fig. 10, the group 
will immediately exhibit magnetic polarity as a whole. 
Hence it has been supposed with some good reason, that 
iron, nickel or other magnetisable substances are to be 
thought of as composed of molecules or groups of mole- 
cules, each of which is a perfect little magnet with its 
two opposite magnetic poles. Under ordinary circum- 
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Stances these molecular magnets of which the mass is 
built up, arrange themselves in closed groups or chains 
so as to satisfy the mutual attraction of their opposite 
poles. The process of magnetisation consists then, not 
in creating a new power which did not previously exist, 
but simply in opening up some or all of these molecular 
chains, and compelling the magnetic molecules to face 
more or less in one and the same direction like soldiers 
at drill. This supposition has been found to explain 
quite simply many observed magnetic facts, and we 
shall revert to it again in connection with some of 
them. 

Before we can advantageously further discuss mag- 
netic phenomena, it is necessary to describe briefly the 
methods of measurement, and the units in use in scien- 
tific investigations, in order that we may study the sub- 
ject with reference to the exact measurement of the 
quantities concerned in electric and magnetic work. This 
we proceed to do in the next chapter. 
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CHAPTER II. 

MEASUREMENT AND UNITS. 

§ I. Substance and Energy. — In the external 
world of Nature there are two permanent causes of all 
the impressions conveyed to us by our organs of sense. 
These are called respectively Substance or Matter y and 
Energy, These agents exist and exhibit themselves to 
us in many different forms ; and are both characterised 
by one distinctive quality, viz. permanence ; that is to 
say, we cannot create or destroy them ; but our relations 
to them are limited entirely to noticing and causing 
changes or transformations in them. 

By carefully analysing many different substances, 
chemists have come to the conclusion that there are 
sixty-three or sixty-four different kinds of simple sub- 
stances which up to the present they have been unable 
to change into one another or anything simpler. These 
are called Elementary Substances, The fact that the 
total quantity of these elementary substances can neither 
be increased nor diminished by any chemical process 
known to us, is called the law of Conservation of Matter. 

By attentively considering the physical and chemical 
changes that can take place in substances, we have been 
led to see that these changes involve transformations in 
something else called Energy, associated with Matter. 
We are quite unable to separate Matter from Energy , or 
to say what they are apart from one another, even if they 
are capable of so existing ; and no definition of one of 
them can be given which does not involve, at least im- 
plicitly, a mention of the other. It is clear, however, 
that apart altogether from changes in the nature or 
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amount of the substance present in any place, there is 
something else which may be associated with it which 
may be more or less, and which bestows upon it its 
power of affecting both our senses and other substances. 
Thus for instance, one and the same piece of iron can be 
more or less hot, more or less electrified, and set in 
motion with more or less speed. These states of heat, 
electrification, or movement, are exhibitions of energy 
associated with matter, and energy itself is not only a 
measurable quantity, but, as we shall see, is subject to a 
law of conservation like matter, and cannot either be 
created or destroyed. The progress of knowledge has 
led us to recognise many different forms cf energy^ or 
manifestations of energy associated with matter in some 
way, such as : — kinetic energy ; gravitational energy ; 
electromagnetic energy ; electrostatic energy ; chemical 
energy ; thermal energy ; radiant energy ; elastic or 
molecular energy, or energy of configuration. 

The above is not by any means an exhaustive or 
complete list of the various forms of energy, but is merely 
illustrative. A body is said to possess Kinetic Energy 
when it is in motion, as, for instance, a cannon-ball flying 
through the air or a railway train moving along a line. 
All material bodies possess Gravitational Energy merely 
when placed in the presence of one another ; and this 
energy is increased the further apart they are removed. 
Thus, if the earth and a stone are separated by lifting 
up the stone, the gravitational energy of the two taken 
together is increased. In any inclosed space containing 
portions of matter, the total gravitational energy in that 
space is increased by separating the bodies as far apart 
as possible. We have not been able yet to obtain any 
insight into the real reason for this existence of energy 
due to the mere relative position of two or more masses 
of matter. 

By Elastic Energy or Energy of Configuration is 
meant the energy possessed by bodies in virtue of the 
endeavour they make to recover their original shape or 
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si2e when deformed. Thus, a bent watch-spring has 
energy of configuration associated with it in virtue of its 
power to unbend, and resistance to bending. In some 
cases changing the size of a body is accompanied by an 
increase in its energy : as when we compress gas or air ; 
but mere change of shape in a mass of air apart from 
change of size or bulk is not accompanied by any change 
in its energy. Heat also is a form of energy, and when 
we heat a body we increase its thermal energy. 

It is one of the most remarkable achievements of 
scientific thought to have arrived at the notion that 
under all these various forms we may have to do with 
merely one and the same physical agency which we entitle 
Energy^ and this generalisation is based upon the experi- 
mental fact that energy in one form can only be increased 
by making an equivalent amount in some other form 
less. 

Energy not only exists in many forms, but it can be 
changed from one form to another. When we look a 
little more closely into the processes going on when an 
energy transformation is taking place, we find that in 
every case there are two factors concerned. There is 
always something of the nature of a resistance or oppo- 
sition which has to be overcome, and there is also a 
change, generally called a displacement^ which is made 
against that resistance. When a displacement is made 
against a resistance, work is said to be done. In the act 
of doing work a change or transformation of energy from 
one form to another is effected, and work is then said to 
be done by one agent or system of bodies on another. 
Thus, for instance, certain bodies resist change of form, 
or shape, or configuration, such as a watch-spring. If we 
make a change in form in opposition to this resistance, we 
do work on the spring and increase its elastic energy or 
energy of configuration. This is found to necessitate the 
expenditure of an equivalent amount of some other form 
of energy. Lifting up a body against the force of gravity, 
or compressing air against the elastic forces resisting 
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change of bulk, are also examples of displacements made 
against resistances, and hence of work done. These 
acts, therefore, are operations in which the energy asso- 
ciated with certain forms of substance is increased, and 
careful examination shows that they can only be per- 
formed by diminishing energy associated in some other 
form with matter. When we increase the speed or 
velocity of a body, we do work against its inertia or that 
quality of it in virtue of which it resists any change in 
its state of rest or motion ; and to do this we have to 
expend an equivalent of energy in some other form. In 
every case the amount of energy transformed is measured 
by the work done, or by the product of the resistance 
opposing the displacement, and the distance through 
which it is overcome. By measuring and comparing the 
energy-changes which take place during physical actions, 
three great generalisations have been established which 
are the fundamental principles of modern physics. They 
are as follows : — 

1. Energy exists in various forms, and these different 
forms may be transformed into one another. For in- 
stance, heat may be changed into kinetic energy, or elec- 
trical energy into heat. This is called the principle of 
Energy- Transformation, 

2. When such an energy transformation or change 
takes place, a definite quantity of one kind of energy 
disappears, and an equivalent quantity of another kind 
makes its appearance. No human power, however, and 
no physical process suffices to create or destroy any 
form of energy. Hence energy is subject to a law of 
Conservation of Energy, On account of its transforma- 
bility, energy is recognised as a measurable quantity, 
and we can evaluate any quantity of any form of energy 
by stating its equivalent in one form, say gravitational 
or kinetic energy. Thus the increase in thermal energy 
represented by a rise in temperature of a known mass of 
some standard substance through i° C. can be reckoned 
in foot-pounds or in ergs. 
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3. Although we can, generally speaking, transform 

energy from one form to another, we cannot by the 

machinery at our disposal always effect the complete 

transformation of any one form into another. We can, 

for instance, transform the whole of any quantity of 

kinetic energy into heat, as when a railway train is 

brought to rest by the brakes, but we cannot transform 

the whole of any quantity of heat into kinetic energy. 

Every transformation of one kind of energy into another 

involves the change of some part of that energy into heat. 

and in that particular form, as heat, it becomes lessened 

in transformability or utility as far as we are concerned. 

All energy-changes are thus not wholly reversible, but 

are subject to a condition called the principle of the 

Dissipation of Energy, There is a spontaneous tendency 

for some energy-changes to take place. Thus all the 

forms of energy called potential energy, such as a raised 

weight, bent spring, charged Leyden jar, &c., tend to pass 

spontaneously, and merely by the withdrawal of some 

small restraint, into kinetic energy, and then into thermal 

energy or heat. There is, however, no such natural 

tendency for thermal energy to change into mechanical 

or potential energy. This involves the consideration of 

what is called the Second Law of Thermodynamics. 

§ 2. Space and Time. — In addition to the two great 
external permanent causes of sensation, viz. Substance and 
Energy, which we can neither create nor destroy, there 
are two conceptions in our own minds which are equally 
incapable of being annihilated. These are the ideas of 
Space and Time, No resolution of these notions into 
any simpler ones can be given which is satisfactory ; but 
apart from any definitions, we are quite unable to divest 
our minds of these fundamental concepts. We may, for 
instance, think of a room, however large, without any 
material substances in it ; but we cannot think of the space 
in the room as non-existent, nor can we think oi spctce as 
limited to that room. In the same way we are able to 
consider any series of events as not having happened, 
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but we are quite unable to destroy the idea of a dura- 
tioity or time occupied by events, whether the events have 
happened or not. Similarly, we are unable to think of 
time or duration as limited. 

These physical and permanent causes of sensations, 
viz. matter and energy, and these mental and innate 
ideas, viz. space and time, constitute our fundamental 
experiences and concepts ; and scientific knowledge 
consists in learning by experiment and trial the laws of 
their relations and their possible transformations. 

The only way in which we can do this is by experi- 
ence and deductive reasoning based upon it. 

§ 3. Physical Measurement. — In nearly all the ap- 
plications of scientific knowledge in the arts we find that 
an exact system of measurement of the agents or things 
with which we are concerned is necessary. Any quality 
of a natural object or agent which can be more or less, 
and which can have its magnitude or degree defined by 
reference to the same quality of a selected amount of 
something of the same kind taken as a standard, is called 
a physical magnitude or physical quantity. The act of 
making a comparison between the physical magnitude 
in question and another of the same nature made in 
respect of the particular quality which we are then con- 
sidering, is called a physical measurement 

Thus, for instance, the volume, or (as it is generally 
called) the size of a body can be more or less. We can 
have much or little water in a vessel, and much or little 
space in a room. A volume is selected, say the gallon 
or cubic foot, and with this standard volume we compare 
the volume in question, and state the multiple or fraction 
which it is of the selected volume of comparison. This 
last is called the Unit of Volnme, and the number which 
states the multiple or fraction which the volume we are 
considering is of the unit of volume, is called the numerical 
magnitude of the volume being measured. 

§ 4. Absolute and Arbitrary Units. — In selecting 
our various units, we may do so quite arbitrarily, and 



MEASUREMENT AND UNITS. 29 

without connecting them together in any systematic way. 
Thus, our English unit of length is the yard ; our unit of 
volume the gallon ; our unit of mass the pound; and the 
connection between the yard, gallon and pound is not a 
simple one, but involves numerical factors not easily re- 
membered. Moreover, in selecting units of other kinds, 
such as those of force, electric current and magnetic 
field, we are not obliged to choose them with reference 
to the already selected units of length, mass and time. 

The progress of physical science has shown; however, 
that an unconnected and arbitrary selection of physical 
units is a great hindrance to the advance of knowledge, 
and that considerable advantages ensue from the con- 
struction of a system of units in which all are related in 
a simple and logical manner to certain fundamental units 
of length, mass and time. 

A system of physical units of this latter kind is called 
an absolute system^ as contrasted with an arbitrary and 
disconnected system of units of measurement. 

In the construction of an absolute system of units, 
the first question which arises is the selection of Funda- 
mental UnitSy to which all the other units are related. 

§ 5. Fundamental Units. — It is necessary to con- 
sider briefly the nature of the fundamental units. It has 
been found convenient to select, as the starting point, a 
unit of space called the Unit of Length, a unit of dura- 
tion called the Unit of Time, and a unit of matter called 
the Unit of Mass, There is no difficulty in understand- 
ing the meaning of the first two terms. A straight line 
is the shortest or least distance between two points. 
Two marks may be made on the surface of a body which 
is sufficiently permanent, and the shortest distance be- 
tween these points taken as the unit of length. As a 
practical matter, most civilised nations possess certain 
bars of very unchangeable metal, such as platinum. On 
these are made two marks, and the unit of length is de- 
fined by law to be the shortest distance between these 
marks. 
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With rcc^ard to time, the most universally important 
event is the completion of one rotation of the earth 
round its polar axis. The duration of this event is | 
called a sidereal day. Most nations take as the unit of 
time some known fraction of this duration. 

The term Mass, and the idea connected with it, is 
more difficult to define; in fact it cannot be defined 
without reference to the notion of Force, The funda- 
mental property of matter is that it cannot set itself in 
motion or change its own state of rest or motion. 

We know perfectly well that substances or bodies 
can, however, be made to change their position with re- 
ference to certain datum points or lines. Thus, for in- 
stance, a body can move forward in such a way that an 
assigned line in the body preserves a constant direction 
in space : in this case it is said to move without rotation : 
or it may move so that the body rotates round an ax/s 
or some other point : in this case it is said to move with 
rotation. Whenever material substances are thus set in 
motion from a state of rest — that is, when their space- 
relations are changing with time — this motion must have 
been originally due to the action of mechanical force, or 
simply to Force, We recognise force, therefore, as the 
cause, whatever its nature, which creates changes in a 
body's state of rest or motion ; and we may define equal 
forces as those which, if successively but independently 
applied to the same substance would produce the same 
or like changes of motion. 

The term Dynamics is used to denote that part of 
natural science which is concerned with the study of the 
laws of mechanical force. 

There are many ways in which we can classify 
material substances. A chemist, for instance, classifies 
bodies according to the chemical changes they can pro- 
duce, and a biologist according to their condition as 
regards life. In dynamics we consider substances solely 
under the aspect of the changes of motion produced in tJiem 
by Force, However different a piece of iron may be 
from a piece of bread, yet, nevertheless, it is found pos- 
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sible to select certain sized pieces of iron and bread, such 
that whilst different in every other particular which can 
be named, they are yet alike in one respect — that is, they 
are dynamically identical, and when acted upon by the 
same or equal forces for the same time, so that they are 
set in motion without rotation, will under the action of 
these equal forces acquire the same velocity. These pieces 
of iron and bread are then said to have the same mass* 

All civilised nations select some piece or lump of 
very unchangeable substance, such as a block of plati- 
num, which they define by law as their Uiiit of Mass, 
and with which they compare the mass of other bodies. 

§6. The Metric System. — In selecting the funda- 
mental unit of space, viz. that of length, it has been con- 
sidered that it would be an advantage to have this 
standard of length connected with some natural un- 
changeable length, such as that of a simple penduluni 
beating seconds, or the length of the earth's polar axis, 
or the length of a meridional arc of the earth's surface. 
It was this last dimension which was selected at the end 
of the eighteenth century as the basis of the metric 
system of weights and measures as first established in 
France. The founders of this system took as their unit 
of length, one ten-millionth part of the length of a quad- 
rant of a meridian of the earth's surface as then known, 
and called this length a metre. Subsequent progress in 
geodesy showed, however, that the measurement of the 
earth's meridional quadrant completed in 1799 by De- 
lambre and Mechain was in error by defect by about 
I part in 4000 ; and that, if the subsequent deductions 
of Bessel and Airy be correct, the metre as settled by 
the French Government in 1801 is less than one ten- 
millionth part of the earth's meridional quadrant. For 

* To define mass as the quantity of matter in a body — a definition 
sometimes met with in mechanical text-books — is merely a play upon 
words, and simply confuses the student. The notion of mass as a physical 
concept can only be based on that of force. The student is earnestly recom- 
mended to procure, and* read, the little treatise on * Matter and Motion,' 
by Clerk Maxwell, in which he will find the fundamental potions o^ 
.dynamics set oijit by the h^nd of ^ master. 
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♦ The Standards Act of 1855 declared that the researches of scientific 
men have thrown doubts on the accuracy of the method of reference to 
constants in nature. The standard metre is therefore no longer the theo- 
retical metre or one ten-millionth of the elliptic quadrant of the meridian 
through Paris, but is simply the length of the bar of platinum-iridium 
called the "Metre International," deposited with the International Com- 
mittee of Weights and Measures at Paris. (See Mr, H. T. Chaney, * Oyr 
Weight* and Measures.*) 



32 MAGNETS AND ELECTRIC CURRENTS. 

all practical purposes it might just as well have been any 
convenient arbitrary length. The value of the metrical \ 
system docs not rest in the natural magnitude of the 
unit of length, but in the simple relations of the various 
units derived from it to one another.* 

On the 2nd November, i8oi,the French Government 
defined the unit of length to be the shortest distance 
between two marks on a platinum bar constructed by 
Borda, this measurement to be made with the bar at 
0° C. The bar at present recognised as the standard 
(1897) is preserved at Sevres, near Paris, and is called 
the MHre InternationaL It is guarded with jealous 
care, and only used very occasionally for comparison 
with other standards. The length so defined is the legal 
metre or unit of length, and is equal to 39* 3701 1 English 
standard inches, or i •09361426 British standard yards. 

To obtain larger or smaller units of length, multiples 
by 10, 100 or 1000, or fractions of • i, 'Oi or 'ooi of the 
metre are taken, and these are denoted by prefixing to 
the word metre a Greek or Latin numerical term. The 
student should note that — 

The prefix mega- denotes a multiple of 1,000,000 times. 
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Thus, a kilometre means a thousand metres, a centi- 
metre means one-hundredth part of a metre, and a micro- 
metre means one-millionth of a metre. The same pre- 
fixes are employed in the case of all other units. An 
ampere is (as will be explained later) the practical unit 
of electric current, and hence a milli-ampere is the one- 
thousandth part of an ampere, and a deka-ampere is ten 
amperes. 

Since one metre is equal to 39*37011 English inches 
or to 3 • 2808 feet, it follows that one centimetre is equal 
to • 3937 of an inch. Hence we arrive at the following 
useful rules.* 

To convert inches to centimetreSy multiply b^ 2 ' 54. 

To convert feet to centimetres, multiply by 30*48. 

To convert centimetres to inches, multiply by '3937. 

To convert centimetres to feety divide by 30 * 48. 

The following are the roughly approximate equiva 
lents of some of these metrical units in British measure. 

One kilometre is nearly f of a British mile. 

One metre is nearly 3 feet 3 inches and | of an 
inch. 

One inch is very roughly 2j centimetres, or more 
nearly 25^ millimetres. 

One foot is nearly 30J centimetres. 

Collecting the results, we have the following fre- 
quently required equivalents : — 

I metre . . = 39*37011 inches = 3*2809 feet. 

I cientimetre * = *3937 inch = '0328 foot. 

I English foot = *3048 metre =30*4797 centimetres. 

I English inch = -0254 „ =2-5399 „ 

Usual abbreviations are, m. for metre ; cm. for centi- 
metre ; sq m, for square metre ; sq. cm, for square centi- 
metre ; fxfoi' micrometre, 

* The student should provide him^eh with a pocket rule having one 
side or edge divided into inches and fractions, and the ether into centi- 
metres and millimetres. 

D 
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In expressing very large numbe 
do so by writing them as multiples 
10* stands for lOO, lo' for lOoo, ai 
3X10* then stands for 3,000,000,00C 
is very nearly lo' centimetres. Th 
3 X io'° centimetres per second. 

In expressing fractions we cai 
express them decimally. Thus, i 
10'' means one-hundredth, 3 x 10 
thousandths, and so on. 

From the unit of length is deriv 
capacity. If a cube is constructed 
one decimetre, the cubic capacity o: 
one litre or cubic decimetre. Multi 
the litre are expressed by the empli 
mentioned prefixes. 

A cubic centimetre (c.c.) is then 
of a litre, or is a millilitre. The cu 
usual practical unit of volume form 
the C.G.S. system. 

It is 'useful to know that 1 cubic 
centimetres, and that 

To convert cubic feet to cubic ce 
283167;. 

To convert gallons to cubic cen 
4;46. 

To convert cubic inches to cubic ct 
16387. 

Frequently required equivalents 
I square inch= 6-4516 squj 
I cubic inch = i6-3S7 cubic 
I cubic foot = 28,317 „ 

■ I gallon. . = 4,546 „ 

Usual abbreviations are, cub. m. 
''"I. or c. c. for cubic centimetre. 

The unit of mass in the metric s; 
the mass of a certain piece of plati 
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Sevres, near Paris, and called the " Kilogramme Inter- 
nattonal'* The original standard was made by Borda, 
and was intended to be equal in mass to the mass of a 
litre of pure water taken at its temperature of maximum 
density, namely, at 4° C. This is not precisely the case, 
but it is near enough for practical purposes. The mass 
of a cubic decimetre, or litre, of pure water at 4° C. 
IS now known to be 999-840 grammes. Hence the mass 
of one cubic centimetre of pure water at 4° C. is very 
nearly one gramme. 

The kilogramme is equal to 2*204 British standard 
pounds avoirdupois. 

It is convenient to have the folk)wing equivalents at 
hand : — 

' ^ du'pois'^"''"''^ ^"".^ ':"'': )• = 453-59 grammes. 

I ounce avoirdupois . . . . = 28*3495 „ 

I kilogramme = 2204 lbs. nearly. 

Usual abbreviations are, grm. for gramme ; kgr. for 
kilo^ra m me. 

The advantage of establishing this simple relation 
between the unit of volume and the unit of mass by 
means of pure water, is that the m.ass of any volumv of 
wat-er can be at once approximately deduced, and ^ 
knowledge of the density of any material gives ut* ^^t 
once the means of knowing the mass of any volume oi w 

§7. Tlie C.G.S. System. — In the absolute sy:,t.c.i4, 
of units which is employed in scientific mea^uu lu^ i^-. 
the fundamental unit of length is the Centihiitu .,. ^ 
that of mass the Gramme, This is completed b^ ut. ,. 
as the unit of time the w^^;/5't?/ar j^^^«</, and tn.. .» , . , 
is called the C.G.S, system (centimetre, granai.i ••..., 
of measurement. 

The time during which the earth Ui.il-' -^ . . ,.. 
plete revolution on its axis is called a nidi / < >tl // - . , 

interval between the two successive y- .* , 

centre of the sun across the incridi^i. / , , ... 
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called a so/ar day. The duration of solar days is n< 
the same, but by taking the mean length of all the sol; 
days in the year, we obtain the mean solar day. 

A pendulum which makes in one mean solar day 864c 
swings (from side to side, and not backwards and fo 
wards) beats mean solar seconds. The sidereal day 
86i64'og mean solar seconds. The mean solar secor 
is the generally accepted scientific unit of time. 

Hence we have the following fundamental units > 
space, mass and time. 

I centimetre . , 304797 cm. = 1 British foot. 
I gramme . . 4S3'S5grm. = lib. avoirdupoi 

( mean solar second ■ 86,400 sec, = i mean solar daj 

\ 8. Derived Unita. — From these fundamental uni 

of length, mass and time, we can pass on to considi 
certain derived units, such as those of lelocity, accel 
ration, momentum, force, zvork and power. 

If any small portion of matter, which may be calle 
a material particle, is in motion along any path, it pass* 
over a certain space in a certain time. If the length t 
path described in a very short interval of time is me. 
sured, and if the time of describing this path is ais 
observed, the quotient obtained by dividing the numeric; 
value of the length described by the time of describin 
it is a measure of the mean linear velocity of the bod 
during that interval. The unit of linear velocity is th; 
of a body which passes over one centimetre per secon 
when moving uniformly. 

If a solid body rotates round any axis, and if th 
time taken for it to rotate through a very small angle i 
observed, and if the angular displacement of the body i' 
that time is measured in radians, the quotient obtains 
by dividing the numerical value of the angle describe< 
by the time of describing it is called the mean angula. 
i-elocity of that body round that axis at that instani 
The radian is an angle such that its arc is equal to thi 
radius, and is equal to 57 • 29°. 



MEASUREMENT AND tJNifS. 37 

The unit of angular velocity is that of a rotating body 
which passes through one radian per second described 
uniformly. 

Velocity may otherwise be defined as rate of change 
of position. 

If the change of position of a very small material 
particle is a change of place along any path, this change 
may be a uniform change, such that equal spaces are 
passed through by the particle in equal times. In such 
cases the velocity is called a uniform velocity. If the 
velocity is not uniform, then it has different values at 
successive instants, and it can be defined at any moment 
by stating the space in centimetres which the body 
\vould pass over in one second if it continued to move 
uniformly in a straight line with the velocity it had at 
the instant considered. 

If the velocity of a body is not uniform, then it must 
be changing either in magnitude or in direction. TKe 
rate at which velocity is changing at any instant is called 
the deceleration of the body, and acceleration means ^i^ 
change in velocity either in amount or in direction. \j 
a material particle is in motion in a straight line, and if 
the velocity is measured at two instants of time, separa.teci 
by a very small interval, then the value of the increirierxt 
or change in the velocity, divided by the numerioatl 
value of the time interval in which this change is eflfeot^d 
is a measure of the mean acceleration of the body <i\:iT"ir\ ' 
that instant. The acceleration may otherwise be ^^f\r\«S 
as the rate of change of velocity, and the unit of a.oo^l 
ration is a velocity of one centimetre per second stcirt ^\ 
per second. ^^ 

Acceleration is, therefore, related to velocity j\i^v 
velocity is to path-distance or path-direction nrie^L^,^ ^ 
from a certain datum point or line. ^^d 

Xhe -^nomentum of a body moving without : 
is measured by the product of its linear velocity __ 
mass. If the body is rotating round an axis, tlx« 
duct of its angular velocity and its Moment of 
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round that axis is called its Angular Momentum. The 
moment of inertia with respect to any axis is obtained 
by supposing the whole mass of the body divided into 
very small elements of mass, multiplying the mass 
of each of these elements by the square of its distance 
from the axis of rotation, and then taking the sum of 
the values of all these products. 

Momentum, like velocity, may be either uniform or 
changing in magnitude or direction. 

It is the fundamental property of matter that it 
cannot change its own momentum. If left to itsel/ 
momentum continues unchanged, that is, the body moves 
on without change in the magnitude or direction of its 
motion. This is called the First Law of Motion, If 
momentum is changing either in direction or in magni- 
tude, this change is said to be due to impressed force ; 
and Force is defined as the cause, whatever its nature, 
which creates a change in momentum in a body. Force 
is measured by the rate at wliich it cJtanges momentum 
in the direction in which it acts. Hence the unit of ioxct 
is that which alters the momentum of a body at the 
rate of one unit of momentum per second in its own 
direction. Suppose a small particle having a mass of 
one gramme is moving uniformly with a velocity of one 
centimetre per second. This body has a unit of mo- 
mentum. If a force acts on it in such manner as to 
change its velocity to a uniform velocity of two centi- 
metres per second in the same direction, the momentum 
has been increased to two units. If this change in 
momentum takes places in one second, then the force 
causing the change has a magnitude of one unit in the 
direction in which the body is moving. This unit of 
force in the C.G.S. System has received a name. It is 
called One Dyne, 

Consider, for instance, a body falling from rest freely 
under the action of gravity, If a mass of one gramme 
is allowed to fall, at the end of one second it will be 
found to be moving with a velocity of 981 centimetres 
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per second in the direction of the earth's centre. At 
the end of two seconds it will be found to be moving 
with a velocity of 1962 centimetres per second in the 
same direction. It has, therefore, had its momentum 
increased by 981 units in one second. Hence the force 
due to gravity acting on the gramme mass is 981 dynes. 
It is an experimental fact that the acceleration of all 
bodies, large or small, or of whatever substance they 
may consist is the same in vacuo. Hence it follows that 
the force due to gravity acting on any body is propor- 
tional to its mass. The process of weighing bodies on a 
balance consists in making a comparison of these bodies 
as regards equality in mass, by testing the equality or 
inequality of the forces on them due to gravity. 

Change in the direction of momentum, as well as 
change in the magnitude of momentum, is due to force. 
Thus, if a body revolves uniformly round a centre like a 
planet round the sun, although its speed, as we generally 
call it, may remain the same, the direction of its velocity, 
and hence of its momentum, is continually being changed, 
hence this is due to force. Force, therefore, is measured 
by the rate at which it changes the momentum of a 
body, whether that change is one in numerical magni- 
tude, or in direction, or in both together. 

When some external agent causes a body to move 
in a direction opposite to that in which another force 
would move it if allowed to operate freely, this agent 
is said to do work against the force. Thus, if a man 
lifts up a stone he moves it against the direction in 
which the force of gravity if allowed to act would move 
it, and he does work against the force of gravity. Work 
is measured by the product of the distance moved 
through, and the mean value of the force against which 
work is done, estimated in( the direction of the move- 
ment. The unit of \vork Is the work done in moving 
a body a distance of one centimetre against a force of 
one dyne acting in that direction. This unit of work 
may be called a dyne-centimetre, but is genierally called 
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One Erg, An erg is a very small amount of work, 
hence a multiple of it is taken as the usual practical 
unit of work, viz. lo^ ergs or lo million ergs, and this is 
called one Joule. 3,600,000 joules are called one Board 
of Trade unit of work or one B.T.U. The Board of 
Trade unit of work is, therefore, equal to 36 billion 
ergs. 

When any agent is working against a force, the most 
important question is generally to determine the rate 
at which it ivorks. This rate of working is called its 
Activity or Power, 

The C.G.S. unit of power is an activity of one erg 
done per second. The work done in lifting a mass of 
one gramme one centimetre against gravity, is 981 ergs. 
The practical unit of activity or power is equal to 10' 
or 10 million ergs done per second, and this is called 
a Power of o?te Watt. 

One kilowatt is 1000 watts, and a kilowatt is nearly 
equal to I • 3 horse-power. 

One horse-power is equal to 33,000 foot-lbs. per 
minute, or to the power required to lift 33,000 lbs. i foot 
high in i minute against the force of gravity. 

If a body is at rest or moving uniformly, and we act 
upon it by any force so as to change its velocity, we are 
said to do work against the force of inertia, and the 
work so done is measured by the increase produced in 
the value of the kinetic energy of the body. This 
kinetic energy is measured at any instant by the pro- 
duct of the mass of the body and half the square of its 
velocity. 

The usual British unit of work is the foot-pound, 
and it is defined as the work done in lifting one lb. one 
foot high against the force of gravity. As, however, 
the force of gravity is different at different places on the 
earth's surface, being greater by about one-half per cent, 
at the poles than at the equator, the foot-pound is not 
an absolutely defined unit unless some place is named 
at which the pound is lifted. 
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We have, however, the following practical equiva- 
lents : — 

I joule = id' ergs = '7373 foot-lb. 

I watt = I joule per second = lo' ergs per second. 

I kilowatt = 1*3 horse-power nearly, 

746 watts = I horse-power =550 foot-lbs. per second. 

The energy or work required to heat i gramme of 
water i degree C. in temperature in the neighbourhood 
of 10° C. has been determined to be 42 million ergs, or 
4*2 joules or 3*096 foot-lbs. This amount of heat 
is called i gramme-centigrade degree unit of heat, and 
the value 4*2 joules is called the Mechanical Equivaletit 
of Heat. An amount or quantity of energy of any kind 
is measured in ergs or joules. 

The student will notice that in this case most of 
these derived units, viz. in the case of velocity, accelera- 
tion, force and activity, the measure of them is a rate at 
which some other quantity is changed. Velocity is the 
time-rate of change of position. Acceleration is the 
time-rate of change of velocity. Force is the time-rate 
of change of momentum. Activity or power is the time- 
rate of change of work or energy. 

There are some other terms which it will be con- 
venient to define at this point. When any body is acted 
upon by two equal and parallel forces not acting in the 
same straight line, these constitute what is known as a 
couple or torque^ and the mechanical value of the couple 
or torque in producing twist or rotation is measured by 
the product of the value of either force and the vertical 
distance between the forces. The effect of a couple act- 
ing on a body is to cause rotation or twist round an 
axis. The unit couple is that due to two forces each of 
one dyne acting at a distance, of one centimetre and 
causing twist round an axis perpendicular to their own 
direction. 

In many problems in physics we have to deal with 
the case oi a body rotating or swinging round an axis. 
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such as a fly-wheel rotating or a pendulum swinging. 
An important quantity which then presents itself is 
that of the Moment of Inertia of the body. As above 
stated, this quantity is calculated by assuming the body 
to be divided into equal and very small parts, taking 
the product of the mass of each part and the square 
of its vertical distance from the axis of rotation, and 
adding together all these products. The moment oi 
inertia and the angular velocity of a rotating body enter 
into such rotational problems just as the mass and 
linear velocity do into the corresponding problems in 
the movement of a particle of matter. Thus the product 
of the moment of inertia and the angular velocity is 
called the Angular Momentum, The product of the 
moment of inertia and half the square of the angular 
velocity is called the Angular or Rotational Energy^ and 
the rate of change of angular momentum is the measure 
of the torque or couple causing rotation. The dynamical 
measure of the torque or couple is the rate at which it 
changes the angular momentum of the system estimated 
round the axis of the torque. 

The moment of a force with respect to any axis per- 
pendicular to its direction is measured by the product 
of the numerical value of force and the vertical distance 
between the axis and the line representing the force. 

In any system of bodies rotating round a centre, such 
as the planets and the sun round their common centre 
of mass, no interaction between the different bodies can 
change the total angular momentum of the system. 
This last can only be altered by some torque acting on 
the system from without. This fact is one of funda- 
mental importance. It is called the principle of the 
Conservation of Angular Momentum, or of the Moment 
of Momentum. It is in. reality only the fundamental fact 
concerning matter, viz. that it cannot change its own 
state of rest or motion, applied to the particular case oi 
rotation of a number of masses. 



1 


§ 
•J 
8, 

i 
1 


ilfl 

S lei 
FIJI 

s 1 U^ 


;„^i.:i|^.|iij. 


II S 

III 

sll 


i 

3 
1 

E 

1 
3 


1 

s 
o 


One mean solar second. 

Onepouud 

One foot per second. 
A velocity of I foot per 
second added per second 


Oi 
55otoot-p<.undspersec. 


II 

■HI 
s!!i 

o 




1* .1,= tn 

oil °" °; 




5 


III*'' 


9. y y 

1 i J 


o 




5 
B 


iill 

'o'o'S'S 


: S 5 

5 S s. . 

3 S D 


Unit of heal.. .. 

Hoard of 'Irade unit 
of electrical energy. 



44 MAGNEtS AND ELECTRIC CURRENTS. 



CHAPTER IIL 

MAGNETIC FORCE AND MAGNETIC FLUX 

§ I. A Unit Magnetic Pole. — Let a long thin steei 
wire or knitting needle be uniformly magnetised, and 
then broken in the middle. At the point of rupture it 
will, as already described, develope new, equally strong 
north and south magnetic poles, which would, if held 
near to each other, mutually attract. 

Imagine these poles placed one centimetre apart, and 
that the pull or attractive force between the poles is 
measured by a very delicate spring balance. Further- 
more, suppose that this force proves to be just one dyne or 
a dynamical unit of force, as defined in the previous 
chapter. Then these two equal magnetic poles, which 
attract each other with a force of one dyne when placed 
one centimetre apart, are called Unit Magnetic Poles, The 
strength of a magnetic pole is numerically measured by 
the number of unit magnetic poles to which that parti- 
cular pole considered is magnetically equivalent. Thus 
any given magnet may have a pole of strength equal, 
say, to 10 units ; and this would denote that in all 
respects the given pole was equivalent to ten unit mag- 
netic poles placed together ; assuming that these did not 
in any way affect each other in power by being put 
together. 

§ 2. Moment of a Magnet. — By the phrase moment 
of a magnet is meant the value of the product of the 
strength of either pole of the magnet and the shortest 
distance between the poles. Thus, consider a strongly 
magnetised steel wire. Let it be lo centimetres long, 
and let it have pole strength represented by ID ; that is, 
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let each pole have a strength equal to ten unit poles. 
Then the product of the pole strength and the shortest 
distance between the poles is 10 times 10 = 1 00, and the 
number 100 represents therefore the moment of that 
magnet. In general it is not possible to fix the exact 
position of the poles of a magnet, because they do not 
reside at definite points and are not placed exactly at 
the extremities of the bar. In the case of straight bar 
magnets it has been found that the distance between the 
poles may be considered to be approximately equal to 
five-sixths or to • 82 of the whole length of the magnet. 
This distance is called the Magnetic Length of the mag- 
net. The determination of the true magnetic lengths 
of magnets is always subject to some uncertainty. It 
is possible, however, by certain known methods, to 
measure the moment of a magnet as a whole without 
knowing precisely the value of the two separate factors, 
pole strength and pole distance, or magnetic length, the 
product of which is the value of the magnetic moment 
of the magnet. A magnet is said to have a unit mag- 
netic moment when its moment is equal to that of a 
small magnetic needle having unit poles, and the shortest 
distance between those poles being one centimetre, 

§ 3. Magnetic Fields and Magnetic Couples. — It 
has already been explained that the region round about 
a magnet within which its influence is felt is called a 
Magnetic Field, If a small exploring magnet, like a 
compass needle, is held anywhere in a magnetic field, 
the direction in which this needle sets itself is called th 
Direction of the Field at that point 

Next suppose a very long magnetised steel wire 
having at each end a pole of unit strength, is held with 
its north pole in a magnetic field, the other pole being 
so far removed that the field has no influence on it, the 
tendency of this north pole is to move in a certain direc- 
tion under the action of the field, and that direction is 
called the Positive Direction along the Field at that point. 
Again, if the unit pole were held at that point it would 
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require a certain mechanical force applied to it to pre- 
vent It moving in the direction of the field, and this 
force, measured in dynes, is the measure of the stre7igth 
of the field at that point. 

If, therefore, the force on a pole of strength lo units 
is lOO dynes, the strength of the field is lo units, and 
generally speaking the product of the pole strength and 
the field strength is a measure of the force in dynes 
required to hold the pole at that point in the field. The 
student must notice that neither the pole strength nor 
the field strength alone are measured in dynes, because 
they are not in themselves of the nature of mechanical 
forces, but their product is a quantity v/hich is of the 
nature of a mechanical force, and is therefore measured 
in dynes as its appropriate unit. The field strength at 
any point is also commonly called the Magnetic Force at 
that point. 

In the next place, suppose a small magnet suspended 
in any position in a uniform magnetic field ; since the 
two poles of a magnet are always of equal strength, the 
forces acting on the poles of the magnet are equal and 
parallel, but opposite in direction. A pair of equal 
parallel and oppositely directed forces acting on a body, 
but not acting in the same straight line, constitutes what 
is called in mechanics a Torque or Couple, and hence the 
effect of a magnetic fi Id on a small magnet is to pro- 
duce a couple, tending to turn it round its centre. There 
is no tendency to pull the magnet bodily along in any 
direction. This can be proved by floating a small magnet 
on a cork on water, and holding a large magnet some 
little way from it. It will be found that the floating 
magnet turns round, as on a pivot, until it sets in one 
direction, but it does not move bodily towards the larger 
magnet. 

Hence the action of a uniform magnetic field on a 
small magnet is a couple, and is called a Magnetic Couple, 
The action of the earth, as a great magnet, is to cause a 
couple to act in every suspended magnet or compass 
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needle, and this is called the Terrestrial Magnetic Couple. 
If the magnet is held with the line joining its poles at 
right angles to the direction of the field, the mechanical 
couple or torque acting on the magnet is numerically 
equal to the product of the strength of the field and the 
moment of the magnet. The magnetic moment of a 
magnet may therefore be measured by the torque or 
couple required to hold it in a unit-field with its axis at 
right angles to the direction of the field. 

§ 4. Lines of Magnetic Force. — A very small com- 
pass needle or magnet having a unit magnetic moment 
can, therefore, be used to map out a magnetic field in 
the following manner. Let the little needle be placed 
at any point in the field ; its direction at that spot indi- 
cates the direction of the field. Let it then be carried 
forward by little steps, always moving in the direction of 
its own length ; the centre of the needle will move along 
a curve which is called a Line of Magnetic Force, If 
this experiment is tried with a small needle and bar 
magnet, it will be found that the line of magnetic force 
starts from some point on one half of the magnet, and 
extends through the surrounding space in the form of a 
curved line. We may even use for this purpose a small 
non-magnetised steel needle, and it will still- set itself in 
the same manner in the field of the larger magnet, be- 
cause it becomes immediately magnetised permanently 
under the influence of the magnetic force of the field. 
Taking advantage of this fact, the lines of magnetic force 
may be delineated in the following useful manner much 
used by Faraday. 

Lay a bar magnet underneath a sheet of stiff cartridge 
paper, or very thin cardboard, which is perfectly flat. 
By means of a muslin sieve sprinkle steel filings lightly 
but uniformly all over the card. Tap the card very gently 
at one -corner, and it will be seen that the filings have 
arranged themselves in a series of curved lines, branching 
out from the two polar regions of the magnet. (See 
Fig. II.) The lines are easily fixed as follows. 
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Purchase from any mathematical instrument maker 
some of the photographic paper known as ferroprussiate 
paper, which is used by engineers' draughtsmen foi 
making blue print copies of their tracings. This paper 
is photographically sensitive, and if exposed to light foi 
some time and then washed with water, turns blue where 
it has been so exposed. If, however, anj' opaque object 
is placed 011 the paper, and shields it at that point from 
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the light, then the paper when washed appears white at 
that spot. If then a sheet of this paper is laid on the 
card, and held flat by clips or pins, we can secure in the 
following way a permanent record of the form of these 
magnetic lines of force. 

In a partly dark room place the sheet of prepared 
paper on the card, and laying a magnet or magnets on a 
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board, place over them the card and paper, the sensitive 
side of the paper being uppermost. Then sprinkle the 
steel filings and obtain the curves. Carry the board 
carefully into the light, and let it remain in the sunshine 
for ten or fifteen minutes. At the end of that time, throw 
off the steel filings, and wash the paper with water ; this 
will develope and fix the curves. The photograph when 
dry can be mounted on cloth. The student will find it 
to be a most instructive and useful exercise to prepare 
in this way a series of permanent photographs on blue 
paper, showing the forms which the steel filings assume 
when sprinkled over magnets of various forms, such as 
bar and horseshoe magnets arranged in various ways. 
The formation of these curves may also be shown to a 
class or large audience by means of a vertical lantern. 
For this purpose small magnets, bar or horseshoe, are 
mounted between two thin glass plates, 3 J inches square, 
and the plates may conveniently be held in a wood or 
metal frame. This is then placed on the stage of a 
vertical projector attached to an optical lantern, and an 
image of the magnets focussed upon the screen. 

By using a very small sieve of muslin, steel filings 
may then be peppered over the plate, and on gently 
tapping the plate, will arrange themselves in the mag- 
netic curves.* 

In order to understand the reason why filings settle 
themselves in these curves, it is necessary to consider the 
action of a large mai^net N S upon a small one n s, held 
with its centre at a point P in the field of the large mag- 
net N S. Let a bar magnet N S (see Fig. 12) have a 
small exploring needle n s held somewhere in its field in 
the same plane. Then between the poles N s and S ;/ 
there is an attractive force, and between N« and Sj 
a repulsive force. Hence there are four forces acting 

♦ A very good form of teacher's lantern for this purpose is made by 
Messrs. Newton, opticians, of Fleet Street, London, and also by Mr. 
Chadwick, of Deansgate, Manchester, for use with either oil-lamp, lime 
light, or electric arc as illuminant. 

£ 
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upon the poles n and s of the small needle in the direc- 
tion represented by the arrow-headed lines in Fig. 12. 

When two forces act together upon a point, it is 
shown in treatises on mechanics that their joint effect is 
equivalent to a single force, called their resultant, 

A force has always direction as well as magnitude, 
and hence can be represented by a straight line so drawn 
that its direction corresponds to that of the force, and the 
length of the line is to some suitable scale proportional 
to the magnitude of the force. If two forces acting on a 
point are represented by two lines, and if we complete 
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Fig. 12. — Forces acting on a Small Magnet when placed in the 

field of a larger one. 

the parallelogram formed on these two lines as adjacent 
sides, then the diagonal of that parallelogram will repre- 
sent to the same scale the resultant of the two forces. 
Hence, compounding in this way the two pairs of forces 
acting on the poles of the small needle, we see that they 
are equal to two resultant forces — to ;/ R, s Q — which 
will be very nearly equal to one another if the needle 
ns\^ small. 

These two forces constitute a couple, and the small 
needle ns will not be in equilibrium or at rest unless the 
two resultant forces ;? R .? Q, and the needle n s, are in 
the same straight line. Hence the action of the resultant 
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forces is to pull the little needle round until it sets in the 
same direction as the resultant forces, and it indicates, 
therefore, by its direction the direction of .the resultant 
magnetic force R Q at the point P in the field. Imagine, 
therefore, the large magnet surrounded by an immense 
number of very small pivoted magnetic needles. Each 
one of these will set itself so as to indicate the direction 
of the magnetic force due to the large magnet at the 
place where that particular small needle is situated. It 
instead of using small magnetic needles we sprinkle steel 
filings on paper laid over a magnet, each little particle of 
steel, which resembles in shape a minute steel compass 




Fig. 13. — Small Exploring Needle N S, placinir itself Tangent to 
the Lines of Magnetic Flux of a Large Magnet N S. 

needle, becomes magnetised by being placed in the field. 
When we tap the paper, the little filings jump up into the 
air, and turn round in the air so as to set their magnetic 
axes or greatest length in the direction of the magnetic 
force at that point, due to the large magnet. Accordingly 
the whole collection of filings acts just as would hundreds 
of little compass needles distributed around the large 
magnet, and they delineate by their combined action the 
direction of the magnetic force at all points in the field. 

The student will find it to be instructive to take the 
small exploring needle, or a little pocket compass, and 
having formed the magnetic curves with steel filings on 
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of magnetic force, tends, if free, to move along that line 
in tile positive direction. A south magnetic pole tends 
to move in the negative or opposite direction. Hence a 
small compass needle suspended in a field sets itself so 
tliat Its north pole is as far as possible in the positive 
clirection of the field, and its south pole as far as possible 
m the negative direction. 

^K ^J^' Magnetic Flux.— So far we have considered 
tne tacts of magnetic attractions and repulsions as if 
they were due to mechanical 
forces acting at a distance be- 
tween the magnetic poles of 
magnets. At this point we 
have to enlarge our con- 
ceptions by considering an- 
other magnetic measurable 
quantity. 

We have already described 
the construction of a straight 
solenoid or magnetising coil, 
and shown how by a coil of 
wire traversed by a current an 
iron bar can be magnetised. 
Let the student now procure 
an iron ring like an anchor itiectn^magnet. 

nng (see Fig. 15), of circular 
form and section, and wind it over closely and uniformly 
with covered copper wire. The ring may conveniently be 
six inches or 1 5 centimetres in mean diameter, and one 
centimetre in cross sectional diameter. The covering wire 
wiay be one layer of No. 16 cotton-covered co|)per wire. 
Such an endless coil of wire is called a Circular Solenoid. 
If an electric current from a battery is sent through this 
^ire it causes it to exert a magnetic or magnetising force 
^pon the iron, and the direction of this magnetising 
force is everywhere along the direction of the circular 
axis of the ring- This magnetic force magnetises the 
iron, and yet since the iron ring is endless, if it is tested 




Fig. 15. — A Ring or Poleless 
Electromagnet. 
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with a compass needle it will be found that there are no 
magnetic poles, and hence it has no magnetic moment, 
and no external magnetic effect. There is no question, 
however, that the ring is in a magnetic state, and is 
magnetised, because if this experiment is performed 
with a steel ring, which can afterwards be cut open aiid 
bent out into a bar, it will be found to be a powerful bar 
magnet, with a north pole at one end, and a south pole 
at the other, no matter where it is cut. 

Similarly, if the ring is cut in two places, two bar 
magnets can be made out of the steel ring so treated by 
dividing it into two parts. 

We cannot describe the condition of the iron ring 
therefore, when inside the endless magnetising sole- 
noid, by stating its magnetic moment, because it has no 
free poles, and therefore no moment. We can, however, 
expres.s its magnetic state by saying that the iron is 
traversed hy magnetic Jlux or, as it is sometimes called, 
magnetic induction. The student may assist his concep- 
tions by thinking of this magnetic flux as the physical 
state produced in the iron by the magnetic force of the 
solenoid, just as a flux or a flow of liquid is a physical 
state produced in a liquid in a pipe or channel by a 
hydrostatic force or pressure, or a flow of heat in a con- 
ductor is a physical state produced by a difference of 
temperature. 

The terms yi>rtr^ and ^?/.3^ are used in this connection 
to signify respectively a certain kind of physical cause 
and its effect, and the vtagnetic flux is thus considered 
to be the result or effect due to the action of magnetic 
force on a magnctisable body. 

Magnetic flux belongs to that class of physical effects 
which can only take place in complete circuits. The 
path in which magnetic flux takes place is called a mag- 
netic circtiit. The direction of the flux is considered as 
marked out by endless lines called Flux Lines, We can- 
not have a terminated or finite magnetic flux. Its path 
always must form a closed loop or ring, or endless path. 
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Consider for instance an incompressible fluid like water, 
existing in an endless pipe or self-closed channel. If we 
try to set it in motion, it cannot flow at one place unless 
it circulates, or moves everywhere at the same time in 
the whole channel. The characteristic of this kind of 
motion is that if we select two points on the self-closed 
channel and note the quantity of fluid which passes each 
section in a given time we find these quantities to be 
identical. The same kind of statement holds good with 
regard to electric currents. Generally speaking, those 
physical effects of which the above fact is true are called 
circuital quantities. Hence we must think of magnetic 
flux as a physical state produced in a magnetisable body 
all along certain self-closed lines or paths which consti- 
tute what is called the magnetic circuit. This magnetic 
flux is due to the operation of magnetic force existing at 
all points in the circuit 

Magnetic circuits may be of two kinds. They may 
be homogeneous, or consisting of material of the same 
nature everywhere. Thus magnetic flux may take 
place all round and in an iron ring, in lines parallel to 
the circular axis of the ring, and such a circuit is called 
a closed iron magnetic circuit. 

The circuit may also consist of air, wood or brass, of 
uniform material of identical or nearly identical magnetic 
qualities. On the other hand, the magnetic circuit may 
be heterogeneous, or not all of the same magnetic mate- 
rial. It may be, for instance, partly of iron or steel, and 
partly of air, and the path of the magnetic flux may be 
through a circuit which has very different magnetic quali- 
ties 'in different parts. Whatever may be the nature 
of the circuit, there can, however, be no difference in the 
total quantity of the magnetic flux across various sec- 
tions of a magnetic circuit bounded on all sides by flux 
lines. The total flux across any one section of the whole 
circuit, bounded by what are called the flux lines, is the 
same as that across all other sections. In a magnetic cir- 
cuit we have to consider therefore as important quantities. 
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the length of the circuit, the cross section of the circuit, 
and in addition the specific magnetic quality of tlie 
material of which the circuit is made at each point. 

Although, through all sections of the magnetic cir- 
cuit bounded by flux lines in which the magnetic flux is 
taking place, there must always be the same total flux, 
yet nevertheless at various parts of the circuit, owing to 
the different sectional areas, there may be a difference 
in the magnetic flux passing perpendicularly through 
a unit of area at these places. This is expressed by 
saying that the magnetic Jinx density may differ at various 
points on the magnetic circuit. 

The student must therefore distinguish between the 
total magnetic flux through a section of a magnetic cir- 
cuit, and the magnetic flux density or flux per square 
centimetre of normal section at any point in the cir- 
cuit. 

We shall explain later on how magnetic flux is prac- 
tically measured ; meanwhile we may here state that it is 
consistently reckoned in a unit called a Weber. Since, 
however, this unit is for most purposes too large, a 
smaller unit called a Microtuebery which is the one- 
millionth part of a weber, is conveniently employed. 

The term magnetic indtiction is used by some writers 
instead of magnetic flux^ and hence the student should 
notice that the following phrases mean the same thing, 
viz. : the magnetic flux ; magnetic flux density ; flux 
density ; the magnetic induction ; magnetic induction 
density ; magnetic flux per square centimetre ; magnetic, 
induction per square centimetre ; and these are all equiva- 
lent terms employed by different writers to denote one 
and the same physical quantity. The terms most usu- 
ally used are either, the flux density, the magnetic flux^ 
or the magnetic induction, to describe the physical state 
ill the magnetic circuit produced at any point by the 
magnetic force acting there, and flux density is best 
measured practically in microiuebers per square centimetre, 
A phrase also sanctioned by custom to denote what we 
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ihall hereafter call they?«;r density is, t/ie number of lines 
of force per square centimetre. 

Magnetic flux, like magnetic force, has direction as 
well as magnitude at any point where it exists, and 
Are may mark out its path by lines of magnetic flux or 
induction. Thus the lines of magnetic flux in the iron 
ring above considered are concentric circles parallel to 
the circular axis of the ring. 

§ 6. Magnetic Relnctivity and Reluctance. — Mag- 
netic bodies differ very much in regard to the magnetic 
flux density which can be produced in them by any 
given magnetic force. 

Consider for instance the two cases of wood and iron. 
Imagine a wooden and an iron ring of the same size 
wound over with the same number of turns of wire, 
forming a circular solenoid, and the same current sent 
through each wire. There would then be the same mag- 
netising force in both cases acting on the iron and wooden 
magnetic circuits. The magnetic flux density, which is 
produced at any section of the ring, would, however, by 
no means be the same in the two cases. The flux den- 
sity may be hundreds, or even thousands of times greater 
in the iron than in the wood. Wood, brass, air, any non- 
magnetic or very feebly magnetic bodies do not, however, 
differ much from one another in respect of the flux den- 
sity produced in them by a given force. A term is 
wanted to express the nature or quality of the material 
of which the circuit is composed, considered in respect 
of the magnetic flux density which can be created in it 
by a given magnetising force, and this quality is called 
the magnetic reluctivity of the material. 

As a material of comparison we take air as a standard, 
and call its reluctivity unity. Then the reluctivity of 
any material forming a magnetic circuit is expressed by 
stating the multiple or fraction which its reluctivity is 
of that of air. 

If we multiply the number representing the value of 
the reluctivity of the material of any homogeneous and 
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uniform magnetic circuit by the length of the circuit, and 
divide this product by the numerical value of the cross 
section of the circuit, we obtain the Reluctance of that 
magnetic circuit. Hence the reluctivity of a material is 
the reluctance per cubic centimetre of it 

§ 7. Magnetomotive Force. — We have next to in- 
troduce another notion, viz. that of magnetomotive force. 
Consider again the iron ring above mentioned, mag- 
netised in the circular solenoid. Measure the length of 
the circular axis or mean length of the ring. This is 
the length of the magnetic circuit. The magnetic force 
inside the solenoid or wire windings, supposing the iron 
removed, has everywhere the same value, and the value 
can be measured as described at the beginning of the 
chapter. It is otherwise called the interior field of the 
solenoid. This magnetic force is at all points directed 
along the circular axis of the ring. If we take the pro- 
duct of the numerical value of this magnetic force and 
that bf the mean length of the magnetic circuit, we ob- 
tain a measure of the magnetomotive force round tfu cir- 
cuit. In other words, the magnetising or magnetic force 
is the magnetomotive force per unit length or per centi- 
metre of the magnetic circuit. The magnetic force 
may be called the Slope of the magnetomotive force. 
It is also called, more properly, the magnetomotive in- 
tensity. 

If the magnetic force along any circuit is not every- 
where of the same magnitude, or if it is not everywhere 
parallel to the direction of the circuit, we can still obtain 
the magnetomotive force round that circuit by taking 
the sum of a number of products, each of which is the 
length of a short part of the magnetic circuit mutiplied 
by the magnetic force at the centre of that short part 
of the circuit estimated in the direction of that element 
of length. Hence generally we have the rule, when the 
magnetic force at all points of a uniform homogeneous 
magnetic circuit is the same, and is directed everywhere 
along the circuit, then 



MAGNETIC FORCE AND MAGNETIC FLUX. 55 

Magnetomotive force = magnetic force y. length of circuit ; 

or, 

Magnetomotive force per unit of length of the circuit 
= magnetic force or magnetising force. 

There are six important quantities concerned in de- 
fining the magnetic condition of a magnetic circuit, and 
these are : — 

1. The total magnetic flux. 

2. Magnetic flux or flux density, or magnetic flux 
per square centimetre. 

3. The magnetomotive force. 

4. The magnetic force, or magnetomotive force per 
linear centimetre. 

5. The reluctance of the circuit. 

6. The reluctivity of the material. 

•In the case of a uniform and uniformly magnetised 
magnetic circuit the above quantities are related in the 
following way : — 

The total magnetic flux X 1 _ I f - ^^^ ^t' ^ ^^^ 

the reluctance of the circuit \ "~ | -{7 • -^^ 

"^ J ^ » the circuit, 

TL ^' J2 J \, V. 1 {The vias^netic force 

1 he magnetic flux density X I ^. "^ .1 -' • 

fj 1 ^' 'j^ r = < acting on the cir- 
the reluctivity \ -^^ *i * j. : * 

•^ J I cult at that point. 

The magnetic flux 

n-L * * 1 4.P density X the cross 

Ihe total magnetic flux ^ ^s*i 

^ -^ section of the mag- 

netic circ uit. 

The reluctivity of any material is the reluctance of 
one cubic centimetre of it when forming part of a 
magnetised homogeneous and uniform magnetic circuit, 
and otherwise we may say : 

The length of the 
The reluctafice of\{ The reluctivity of\ ma gnetic circuit ^ 

<i magnetic circuit\'~\ the material f ^ 2 he cross sectiofi* 

of the magnetic 
circuit 

All measurenients of dimensions being in centimetres. 



^ I 
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The student may here note that by common consent, 
words ending in the syllable *ance refer to a quality of 
a whole circuit, and words ending in -ivity refer to the 
particular or specific quality of the material of which 
it is made. 

It is usual, and useful, to employ two other terms 
which respectively signify the reciprocal or inverse of 
reluctance and reluctivity, and these are permeance and 
permeability. Hence a magnetic circuit of large reluct- 
ance has small permeance, and a material of small reluc- 
tivity has high or large permeability. 

The reader will find it easy to remember the relation 
between magnetic flux, magnetomotive force and reluct- 
ance or permeance, and thus between magnetic flux 
density, magnetic force, and reluctivity or permeability, 
by the following mnemonic rule : — 

Commit to memory the following arrangements* of 
terms : 

Magnetomotive force 



and 



magnetic flux x reluctance ' 
Magnetic force 



magnetic flux density X reluctivity * 



If the finger is placed over any one of the terms in 
the above fractions, the relation of the covered quantity 
to the other two terms left will be shown by the position 
of the terms left. Thus, in the first fraction cover ovt^ 
the words magnetomotive force : the terms left are mag- 
netic flux X reluctance ; which show that magnetomotive 
force is equal to the product of magnetic flux and re- 
luctance. In the same way reluctance is seen to be the 
quotient of magnetomotive force by magnetic flux. 

The rules may be expressed in terms of Permeance 
and Permeability as follows : 

Magnetic flux =:i permeance X magnetomotive force. 
Magnetic flux density ^permeability X magnetic foru. 



J 
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Or as fractions for the mnemonic rule : 

Magnetic flux 



and 



permeance X magnetomotive force* 

Magnetic flux density 
permeability x magnetic force ' 



We shall defer until a later chapter the discussion 
of the practical units in which the above quantities 'are 
measured, in order to make the relations above given 
available for calculation. 

One remark must, however, here be made. The 
reluctivity of the so-called non-magnetic or feebly tnsi^- 
netic substances, and the reluctance of any magnetic 
circuit which does not consist wholly or partly of a 
strongly magnetic substance like iron, nickel or cobalt, 
is a constant quantity, and for all non-magnetic sub- 
stances like air, wood, brass, &c., the value of the re- 
luctivity and, hence, of the permeability of the material, 
is taken as unity. Hence the reluctivity of air is i 
The reluctance of an air circuit lO centimetres long and 
J square centimetres in cross section is, therefore, 

L>< iP = 5. since 

2 

_ _ reluctivity x length of magnetic circuit 

Reluctance = 7:^ 7 — —- — ■- r- . 

section of magnetic circuit 

The reluctivity or permeability of iron, and hence 
le reluctance of a magnetic circuit partly or wholly of 
on, varies zvith the magnetic flux density in it, and 
ence cannot be stated absolutely unless we know the 
due of that flux density. The numerical ratio, how- 
ler, of the magnetic force to the magnetic flux density 
' of the magnetomotive force per unit of length of the 
pcuit to the magnetic flux per unit of section of the 
ncuit, gives us the value of the reluctivity of the ma- 
irial at that point in the circuit If the material of 



I 
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which the circuit is made is homogeneous, then the 
product of this reluctivity and the ratio of the length 
to the section of the circuit, gives us the reluctance of 
the whole circuit. 

In selecting our units for practical work we arbi- 
trarily take the reluctivity of air to be unity, and hence 
the reluctance of a uniform air circuit is simply mea- 
sured by the quotient of its length in centimetres by 
the cross section in square centimetres. 

It follows from this that the magnetic force and the 
magnetic flux density have the same direction and same 
numerical value at all points and in all places when the 
circuit is made wholly of non-magnetic material. 

Iron filings sprinkled on a card held in the region 
outside a permanent magnet really delineate and show 
us the direction of the magnetic flux in the air round the 
magnet in the plane of the card, and ought properly to 
be called the magnetic flux lines, although they also 
show the identical direction of the magnetic force at 
these places, and hence, following Faraday, have always 
been more generally called "the lines of magnetic 
force." 

§ 8. Lines of Magnetic Flux. — Faraday originated 
the method of representing the distribution of magnetic 
flux in a magnetic field by lines^ the direction of which 
delineate the direction of the magnetic flux at each point, 
and which are so spaced out that the member of lines of 
^^'^^agnetic flnx which pass perpendicularly through every 
squ2ire centimetre are numerically equal to the flux 
densSy at the centre of that area. These are also called 
the number of lines of induction per square centimetre. 
Hence in any part of the field where the flux density is 
large the flux lines are closely packed or most numerous, 
and where it is small they are more scattered or difTused. 

The phrase " number of lines of induction per square 
centimetre'' is in some respects less useful in practical 
work than the phrase ''flux density!' The student 
should, however, understand that they mean the same 
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thing, and that when an iron circuit is strongly mag- 
netised it may have across its section a magnetic flux 
density as great as 100 to 200 microwebers per square 
centimetre, or 10,000 to 20,000 lines or units of induction 
per square centimetre, reckoning on the centimetre- 
gramme-second system. 

Whatever magnetic flux enters or leaves iron or any 
other strongly magnetic body immersed in a medium 
of lesser permeability, it creates magnetic poles at the 
places where it enters or leaves. 

Thus, for instance, let us consider the case of a piece 
of iron placed in the field of another magnet It is there 
subjected to the action of magnetic force. It has pro- 
duced in it, as part of a magnetic circuit, magnetic flux. 
This flux flows through the iron, entering it at one end, 
where it creates in the iron a South pole or south polar 
area, leaving it at the other, where it creates a North 
pole, find flowing also round the space outside the iron. 
Every line of magnetic flux is a closed loop, and the 
flux itself is called, as already stated, a circuital quantity, 
because it takes place in a circuit. If iron filings are 
sprinkled over the iron so situated in the field, they will 
delineate and show the direction of this magnetic flux 
in the space round the iron. The flux does not leave 
the iron entirely at the end surfaces, but leaks out, as it 
were, at all sides of the iron. Hence, if sections be taken 
across the iron bar at different places, a different flux 
density would be found at each section, even if the iro^i 
is subjected to an originally uniform field of force. This 
flux density is the greatest in the centre of the iron bar, 
and tails off towards the ends just in proportion as the 
total magnetic flux in the iron is weakened by the lateral 
escape of part of the flux. The flux apparently tends 
to get back or complete its circuit by the easiest route, 
or to take the shortest cut in completing its circuit ; 
and in so doing it selects the path of least reluctance. 
Hence, if a movable piece of iron is suspended in a 
magnetic field so as to be free to move, it turns itself so 
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as to make the total magnetic reluctance of the circuit a 
minimum. Wherever the flux leaves the iron to go into 
a less permeable region it creates a north magnetic pole 
or polar area, and wherever it enters the iron again it 
creates at that place a south pole or area. Hence, as 
the flux must complete its circuit, it always must re-enter 
the iron again somewhere if it leaves it at one part, and 
therefore north and south poles must occur in pairs of 
equal strength. If, however, a magnetic circuit consists 
wholly of iron, it may be that the flux is confined entirely 
within the iron, and in that case there are no poles at all. 
No substance is known which is entirely impermeable 
to magnetic flux, or which cannot have magnetic flux 
created in it by magnetic force. As a consequence of 
this, there is no such thing as an instdator for magnetism. 

The student must think of a permanent steel bar 
magnet as traversed by magnetic flux permanently 
attached to it which proceeds inside the magnet' from 
the south pole to the north pole. It then leaves the 
steel, branching out in all directions through the air, 
and turning back, passes through the space round the 
magnet and enters it again at the south pole. Each line 
of magnetic flux is, as above stated, a closed loop which, 
passes through the magnet in some part of its course, 
and through the air or space outside during the remainder 
of its path. The steel filings or small exploring needle 
held anywhere near the magnet shows us the direction 
of the magnetic flux in the air or space outside. 

The magnetic flux density at any point outside the 
magnet has -a numerical value equal to that of the mag- 
netic force at that point, and the magnetic force has the 
same direction as the magnetic flux. 

The free magnetic poles only exist at places where 
the magnetic flux passes from one medium to another of 
different reluctivity ; and hence, if the magnetic flux is 
wholly confined to the iron as in a ring magnet, there 
are no free poles. The free magnetic poles, when they 
exist in a bar of iron or steel, exert a reverse or demag- 
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netisin^ action on the rest x>f the bar ; and hence, if a 
straight piece of iron is placed in a uniform field of mag- 
netic force, the actual resultant magnetic force creating 
magnetic flux in the iron is less than that which exists 
when the iron is not there. It is very important that 
the student should grasp clearly the significance of this 
last statement. He is otherwise apt to imagine that the 
actual magnetising force acting on a piece of iron placed 
in an originally uniform field of magnetic force is always 
the same as when the iron is not in that field. This, 
however, is not the case: it may be much less. 

If a piece of iron, nickel or other magnetisable ma- 
terial is placed in a field of magnetic force, the total 




Fig. 16. — Paramagnetic Body placed in a Field of Magnetic FIiix. 

magnetic flux is not only increased, but is concentrated 
considerably into the iron or nickel, and hence these last 
materials are said to be more permeable than the air or 
original space. On the other hand, bismuth and dia- 
magnetic materials placed in a field are slightly less 
permeable than empty space. If, therefore, a disc of 
iron is placed in a uniform field of magnetic force, the 
flux concentrates itself in the iron, as if it thereby found 
an easier path, and the flux lines take the form shown in 
Fig. 16. 

Again, if a disc of diamagnetic material, such as 
bismuth, is placed in a uniform field of magnetic flux, 
the flux lines are slightly widened apart, as if they ex- 
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perienced more difficulty in getting through the bismuth 
than the air, as shown in Fig. 17. 

The reader should carefully notice the sense in which 
the terms, a magnetic body and a magnetised body, are 
employed. 

A magnetised substance is one which has a circuit 
of magnetic flux permanently attached to it, like a per- 
manent steel magnet. A magnetic substance is one 
which may be magnetised, but is not necessarily so at the 
time considered. 

This attached magnetic flux has been originally pro- 
duced by a magnetic force acting on the material, but 
the magnetic flux continues to exist, in the case of 




Fig. 17. — Diamagnetic Body placed in a Field of Magnetic Flux. 

certain substances, in virtue of their retentivity and 
coercivity, long after the magnetic force is withdrawn. 
A magnetic substance, on the other hand, is one which 
permits the production of magnetic flux through it more 
easily than does a vacuum, or has a less reluctivity than 
empty space. To magnetise a magnetic body, or to 
create magnetic flux in a circuit, always requires an 
expenditure of energy, but in the case of those circuits 
or substances like steel which possess retentivity and 
coercivity, the flux, when once produced, continues 
wholly or in part without further expenditure of 
energy. 

§ 9. Action of a Magnetic Field on a Magnetic 
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Substance. — When a magnetic body is placed in a non- 
uniform magnetic field, it is acted upon by a mechanical 
force tending to move it from weak places in the field to 
strong ones, and hence it follows that it is attracted by 
a magnetic pole from which proceeds a diverging field. 
This attraction is mutual. Not only does the single 
magnetic pole attract a magnetic body, but the magnetic 
body attracts the single magnetic pole. Hence a piece 
of a magnetic body, if sufficiently magnetic, will attract 
either end of a compass needle if held near it. 

On the other ha'nd, if the body is permanently mag- 
netised, one or other end of it will repel the north pole 
of a suspended compass needle. Hence the indifferent 
attraction of either pole of a compass needle by a body 
merely shows the body to be magneticy but the repulsion 
of one or other pole of the test needle by one part of 
the body shows that the body is magnetised. 

It is important that the student should, even at this 
stage, realise that the mechanical actions occurring be- 
tween magnetic poles are not due to action at a distance, 
as it has been called, or to magnetic poles pulling or 
pushing other magnetic poles across empty space with- 
out intermediate machinery; but they must be regarded 
as the visible effects of operations taking place in a 
medium called the electromagnetic medium or etlur^ which 
fills all space. The mutual dynamical action of magnetic 
poles can be accounted for by the assumption that this 
medium, when traversed by magnetic flux, tends to con- 
tract or shrink along the direction of the lines of magnetic 
flux, and tends to expand or swell out in a direction at 
right angles to them. 

§ ID. Practical Measurement of Magnetic Flux 
and Magnetic Force. — In the practical measurement 
of any physical quantity, our method of procedure is to 
select some effect or change due to it, and to utilise this 
as a basis for measurement. Thus, to measure tempera- 
ture, we select one change out of many others caused by 
change of temperature, viz. the change in volume pro- 

F 2 
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duced in substances ; and we obtain a practical measure 
of temperature-change by observing the apparent ex- 
pansion of a standard substance such as mercury in a 
glass vessel, produced by change in temperature. In 
order, therefore, to measure magnetic flux, we must select 
some physical effect due to it, and make use of that as 
a means of measurement. As we shall see in a sub- 
sequent chapter, Faraday made the important discovery 
that if magnetic flux passes through or is linked with a 
conducting circuit, when that flux is annulled, reversed 
or changed in amount, an electromotive force is set up 
in the conducting circuit. This electromotive force is at 
any instant proportional to the rate at which the mag- 
netic flux is being changed. Hence, if we consider a 
magnetic circuit as linked with or embraced by one turn 
of a conducting circuit, and if we consider the flux in 
this magnetic circuit as uniformly removed or destroyed, 
an electromotive force is set up in the conducting circuit 
which is proportional to the rate of removal of the mag- 
netic flux. If the flux is uniformly removed at such a 
rate that an electromotive force of otie volt * is set up in 
the single turn of the conducting circuit, then the mag- 
netic flux is being removed at the rate of one weber per 
second. 

This gives us a practical definition of what is meant 
by a magnetic flux of one weber. In order to create a 
flux of one microweber per square centimetre in a uniform 
endless air magnetic circuit, it is found that a magnetic 
force has to be applied to it in the same direction which 
is equal to that due to a current of one ampere flowing 
80 times round the magnetic circuit for every centimetre 
in length of the magnetic circuit. In other words, we 
have to apply 80 ampere-turns per centimetre, or 100 
ampere-turns per half inch of length of the magnetic 
circuit. 

• For the definition of the Volt see Chapter V. An electromotive force 
is defined as that which causes or tends to cause an electric current in a 
conducting circuit. 
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This uniform magnetic force may be regarded as the 
uniform space-slope of the magnetomotive force required 
to produce a magnetic flux of one microweber per square 
centimetre in an air circuit. 

It has been suggested that the C.G.S. unit of mag- 
netomotive force which is equal to o*8 of an ampere- 
turn should be called a Gauss.* 

It would be more convenient, perhaps, if the mag- 
netomotive force represented by 80 ampere-turns (or by 
0*8 X looatnpere-turns) were called ofie microgatiss. We 
should then have this simple rule : 

A magnetomotive force having an intensity of one 
microgauss (80 ampere-turns) per linear centimetre acting 
on an air magnetic circuit produces in it a magnetic flux 
in the same direction having a density of one microweber 
per square centimetre of section of that circuit. 

Magnetic language would probably be improved if 
the term Magnetic Force were disused, and we were 
to replace it by the term Magnetomotive Intensity. We 
should then have only two conceptions to deal with, viz. 
Magnetic Flux as the name for the physical state pro- 
duced in substances by Magnetomotive Force. When 
considering the specific qualities of materials, we are 
concerned with the flux per square centimetre, or Flux 
Density^ and the magnetomotive force per linear centi- 
metre, or the Magnetomotive Intensity. The numerical 
ratio of the magnetomotive force and the magnetic flux 
is the measure of the reluctance. The numerical ratio 
of the magnetomotive intensity and the magnetic flux 
density is the measure of the reluctivity.^ 

♦ Numerous different definitions have been given of the term gauss 
The above is that suggested in 1895 by the British Association Committee 
on Electrical Standards. 

t There are great objections to the use of the term Force in connection 
with any other idea than that of the change in momentum of material 
substances, as defined in Chapter II. Instead of employing the term 
Magnetomotive Force, it would be better to express the same notion by 
speaking of it as the Gatissage of the magnetic circuit, as suggested by Mr. 
Oliver Heaviside. The magnetomotive intensity or gaussage per linear 
centimetre might be called the Gaussivity acting on the circuit at the 
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If the magnetic circuit, instead of being of air, con- 
sists of iron or material of higher permeability than air, 
then the value of the magnetic flux density produced in 
a homogeneous magnetic circuit of that material is ob- 
tained by dividing the magnetic force measured as 
above by the reluctivity of that material. This can only 
be obtained from a table showing the reluctivity corre- 
sponding to each particular value of the flux density for 
the material in question. 

Hence we have the following rule for the determina- 
tion of the total magnetic flux in a uniform homogeneous 
magnetic circuit of known dimensions when acted upon 
by a known magnetomotive force : 

The magnetomotive force acting on 
The total magnetic^ the circuit reckoned in microgausses. 

flux reckoned in) = The length of the 

microwebers j The reluctivity circ uit 

of the material ^ Cross section of 

the circuit 

As an illustration, let us consider a circular ring- 
shaped magnetic circuit of material having unit reluc- 
tivity, such as air or wood. Let the mean diameter of 
the circuit be lO centimetres, and the cross sectional 
area be 2 square centimetres. Let us then inquire what 
magnetomotive force will create in the circuit a mag- 
netic flux density of 5 microwebers per square centi- 



specified place. The principal magnetic facts could then be expressed by 
the simple statement that gaussage (measured in ampere-turns) produces 
magnetic flux (measured in webers) in magnetic circuits. The intefisityoi 
this cause and effect is described by staling that the gaussivity (in ampere- 
turns per linear centimetre) produces in the circuit a certain flux density^ 
or flux per square centimetre. The ReUiciance of the magnetic circuit is 
that quilitv of it in virtue of which gaussage is required to produce chanze 
in magnetic flux. The Rehictivity of a circuit at any place is the re- 
luctance of a cubic centimetre of it at that place and under the assigned 
conditions. The Betentizity is that magnetic quality of the material in 
virtue of which magnetic flux persists after gaussage is withdrawn. The 
Coercivity of the material is that magnetic quality of the material in virtue 
'^f which a revei-sed gaussage is required to annul or wipe out magnetic flux. 
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metre, or 500 C.G.S. units of induction per square 
centimetre. The total magnetic flux is 2 x 5 = 10 
niicrowebers. The length of this magnetic circuit ib 

22 

-- X 10 centimetres, and its section is 2 square centi- 
metres. 

Hence we have 

__ Magnetomotive f orce in microgausses 

22 

— X 10 

1X1 



From which equation we see that the magnetomotive 
force in microgausses required is 157* 14, and in ampere- 
turns is represented by the number 80 x 157 ' 14= 12,571. 

The case of iron magnetic circuits presents special 
difficulties, which will be considered in the chapter on 
Electromagnets. 

§ II. Rational and Irrational Magnetic Units.— 
We have given at the beginning of this chapter the 
ordinary definition of a Unit Magnetic Pole as a pole 
which, at a distance of one centimetre, repels another 
similar and equal pole with a force of one dyne. In 
selecting this as the fundamental definition of quanti- 
tative magnetism, the framers of our present system of 
magnetic units were dominated rather by the notion of 
attraction at a distance than by the fundamental ideas 
of Faraday, who regarded all electric and magnetic phe- 
nomena as being the result of operations taking place 
in a medium everywhere present. The total magnetic 
flux which proceeds from the pole of a magnet is a 
more important physical quantity than the attraction 
exercised at a distance by this pole on another equal 
and opposite pole, and the former should have been 
considered as taking precedence over the latter in 
creating a definition. The most obvious and natural 
definition of a unit magnetic pole is to define it as 
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a pole from which proceeds a total magnetic flux of 
one unit, and to take such a definition of a unit magnetic 
flux as shall make it create, if annulled, a flow of a unit 
quantity of electricity round a conducting circuit of one 
turn, and having a resistance of one unit, which is linked 
with the flux. The starting-point of the present and 
irrational system of magnetic units is the unfortunate 
selection of the definition of the unit magnetic pole. 
A magnetic pole is, under this irrational system, said 
to have a strength of m units if the force between it and 
another equal pole placed at a distance of d centimetres, 

is equal to —^ dynes. In other words, the attractive 

force /, measured in dynes, between two opposite mag- 
netic poles of strengths m and ni}- placed in air at a 
distance d centimetres apart, is given by the equation 

f = - (dynes), and the unit of magnetic pole 

a 

strength is selected so as to fit in with this equation. 

A consequence of this definition is that the magnetic 
flux proceeding from a pole of strength m is ^irm units ; 
and this constant 47r( = 4X3*i4i6) makes its appear- 
ance in numerous other magnetic formulae, obscuring 
their physical meaning and greatly adding to the diffi- 
culties of the student. 

The reason for the appearance of this 47r may be 
seen as follows : Imagine a long and very thin steel 
wire permanently and uniformly magnetised. Let this 
be called a magnetic filament. The poles of this fila- 
mentary magnet may be considered to be exactly at its 
extremities. From these poles proceeds magnetic flux 
radiating out into the air space round the magnet. Round 
one pole conceive a very small sphere of radius r to be 
described. Within this small sphere the magnetic flux 
lines are nearly straight radial lines uniformly spaced out 
like radii of the sphere. In the air space outside the 
magnet the numerical value of the flux density is the 
same as that of the magnetic foi'ce, because the permea- 



MAGNETIC FORCE AND MAGNETIC FLUX. 75 

bility of air is arbitrarily taken as unity. Hence, if the 
strength of the pole of the magnet is m, and we lake the 
usual definition of pole strength, the magnetic force due 

to this pole at the surface of the sphere is -^ d>iies ; 

hence this is also the numerical value of the flux density 
at that point. Accordingly the total magnetic flux over 

the whole surface of the sphere is4irr*x-T=4w«^ units, 

since the surface of a sphere of radius r centimetres is 
4 TT r* square centimetres. The whole flux out of the 
magnet pole must be equal to the whole flux through 
the surface of the embracing sphere. Hence the flux 
proceeding from a pole of strength m \s ^irtn units of 
flux (or 4 TT w lines of magnetic induction). Furthermore 
the same difhculty with the 47r follows us into other 
definitions. If the length of the magnetic filament is 
/ centimetres and the section is s square centimetres, 
then the product m I (or pole strength X length) is the 
measure of the magnetic moment of the magnet. The 
volume of the magnet is Is (or length x section) cubic 
centimetres, and the quotient of the magnetic moment 

by the volume or -^, or the moment per unit of volume, 

is called the Inteitsity of Magnetisation or simply the 
Magnetisation of the magnet. It is always denoted by 

fn I 
the letter I. Hence -r— = I, or ;« = Ij. 

Is 

It therefore follows that the total magnetic flux 

coming out of the pole of a magnet of strength m^ cross 

section j, and magnetisation I, is equal X,o d^irnt units or 

to 47r I J units. If the filament is a very long or endless 

soft iron filament and is magnetised by being placed in 

a uniform magnetic field the strength of which is H units 

when the iron is not there, then the total magnetic flux 

along the filament is the sum of the flux due to the 

intrinsic magnetisation of the iron and to the magnetic 
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flux in the air in the same space when the iron is re* 
moved. If s is the section of the filament, then, since 
in air magnetic flux density has the same numerical 
value as magnetic force, the total flux through a section 
^ is H J units when the iron is not present. When the 
iron occupies that space and takes a magnetisation I, 
which we will suppose is uniform along the filament, the 
flux added by, and due to, the iron itself is, as we have 
seen, 4 7r I J units. If we denote as usual the resultant 
flux density in the body of the iron by B, then we have 
the equation 

Bs = 47rls + Hs, or B = H4-47rI. 

Expressing the fact that the flux produced in the 
iron is added to the flux already existing in the air, and 
creates the total flux, all reckoned per square centimetre. 

The ratio of the numerical value of the resultant flux 
density B to -the magnetising force H producing it, is 
called the pe7'ineability^ and is denpted by the letter yLt. 
The ratio of the intensity of magnetisation of the iron 
to the force producing it is called the susceptibility, and 
is denoted by the letter k. These facts are in symbolical 
language expressed by the fundamental magnetic equa- 
tions 

B = /xH r=.tH, 

which are in reality definitions of yLt and k. 

Substituting the values for B and I as given in the 
above equations in the equation 

B = H4-47rI, 

we arrive at the expression 

^=i4"47r^ or /x— i=47r>t 

as an equation connecting magnetic permeability (/x) 
and susceptibility {k). 

The above equations and relations between magnetic 
quantities are in general very puzzling to beginners. 
They do not easily see the reason for the appearance of 
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this intrusive constant 4 ir entering into all these physical 
equations and greatly adding to their difficulties in seeing 
the real meaning of the symbols. 

The true remedy for this confusion has been suggested 
by Mr. Oliver Heaviside to be the substitution oi rational 
for irrational formulae and definitions. 

He has restated the definition of a unit magnetic pole 
in such a way that the subsequently derived definitions 
of important practical magnetic quantities arc free from 
this disfiguring 47r and physically more intelligible. 
Mr. Heaviside's starting-point is a new definition of the 
unit magnetic pole as follows : 

A magnetic pole is said to have a strength of m units 
if it attracts or repels another equal pole placed at a distance 

of d centimetres with a force of -^ dynes. 

The above definition furnishes us with a unit magnetic 

pole which is not the same in magnitude as the unit pole 

previously defined Mr. Heaviside's unit pole is called 

a rational pole. Hence a rational pole of strength ;;/ 

attracts another rational pole of strength fri placed at a 

distance of d centimetres in air with a force of/ dynes, 

so that 

>. _ in in 

It follows from this that a rational unit magnetic pole 
attracts another equal and opposite rational unit pole 
placed at a distance of one centimetre with a force of 

— of a dyne, whereas the irrational, or C.G.S., unit 
4'7r 

poles are of such a magnitude or strength as to attract 
each other with a force of I dyne under the same con- 
ditions. 

Hence the rational unit pole is weaker or smaller 
than the irrational or present unit pole in the ratio of 

^JL to I, or -28205 to I. 
V47r 
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The magnetic force due to a rational pole of strength 
nij or having a strength of m in rational units, at a dis- 
tance of d centimetres, is ~ — -j^ units. Returning, then, 

to our magnetic filament, let us suppose as before a small 
sphere of radius r described round its pole of strength m 
(reckoned in rational units). The magnetic force at the 

fH 

surface of this sphere is ^j units, and this is also, there 

fore, the numerical value of the magnetic flux density at 
that surface. Hence the total magnetic flux through the 

surface of the sphere is 47rr^ x 2 units = ;« units, and 

therefore the number which denotes the total magnetic 
flux coming out of the pole of strength m in rational 
units is also m. The rational system thus gives us an 
obvious and natural definition of a unit magnetic pole, 
viz. that it is a pole from which proceeds a unit of 
magnetic flux. It follows, therefore, that if the intensity 
of magnetisation of the magnet is I, the flux traversing 
any transverse section s of the magnet is I ^ units ; and 
that if the filament is an endless or poleless iron filament, 
magnetised uniformly in a field by a resultant external 
magnetic force H, we have the equation 

B = I +H 

as a rational equation expressing the fact that the resul- 
tant magnetic flux per square centimetre of cross section 
along the iron is equal to the intrinsic flux I produced 
in the iron per se, added to the flux H produced in the 
same space if the iron is removed. It follows also then, 
that we have the equation 

fjL = I + i 

as a rational equation, connecting fjL and k. The meaning 
of this equation is, that taking the permeability of air as 
unity, the susceptibility k of the iron may be regarded 
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as the amount by which the metal increases the per- 
meability of the space which it occupies. 

On the rational system, since the unit pole strength 

has been decreased in the ratio of i to y — . or 3*5441 



\/a 



TT 



to I, when compared with the magnitude of the pre- 
sent irrational unit 'pole, and since the unit of magnetic 
flux is the total flux proceeding from a unit pole, it 
follows that Mr. Heaviside's unit of magnetic flux is 
larger than the C.G.S. unit of magnetic flux in the 
ratio of 3*5441 to i. By adoping a similar rational 
definition of a unit of electric quantity, a complete 
rational system of electrical units has been framed by 
Mr. Heaviside, in which the magnitude of the rational 
units is related to those of the C.G.S., or present prac- 
tical units, as follows ; 

Relation of the Rational to the existing Electric and Magnetic Units.* 

I "rational" unit magnetic pole .. ={ '^^^l^^.^!^""^ "' ^'^'^' 
,, ,, of magnetic force = 

„ >» of magnetic flux = 

„ i> of magnetic fluxl 

density .. ../"" 

ampere = 

volt = 

ohm = 

henry . . . . = 

coulomb = 

farad = 

watt .. = 

joule = 

ampere-turn .. .. = 



>» 
»» 



Where 



3-5441 = /v/4ir, 2-8205 = 



•79577 = 



10 
4^ 



and 



3-5441 present 


units. 


3-5441 




>9 


3-5441 




>» 


2^8205 




amperes. 


3-5441 




volts. 


1-2566 




ohm. 


I • 2566 




henry. 


2*8205 




coulombs. 


-79577 




farad. 


10 




watts. 


10 




joules. 


2*8205 




ampere-turns 


10 




4ir 


^4 IT 


[•2566 


- lO* 


•28205 = 


I 

V'4ir 





Although the rational system has obvious and im- 
mense advantages from a theoretical point of view, it 

♦ From the * Electrician,* vol. xxxv. p. 774. 
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may yet be some considerable time before it is introduced 
into practice. This latter step would involve remaking 
or reconstructing all the thousands of ampere-meters, 
voltmeters, and resistance coils in actual use, and would 
necessitate a practical revolution almost akin to that re- 
sulting from a proposal to change the actual lengths and 
weights of the standards denominated/espectively a yard 
or a pound. 
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CHAPTER IV. 

ELECTRIC CURRENTS. 

§ I. Electric Currents and Electromotive Force. 

— We have already pointed out that a non-magnetic 
material like a copper wire can, under some conditions, 
exhibit magnetic qualities. If we find under any circum- 
stances a wire of any material whatever exhibiting the 
two properties of being more or less hot, and having a 
magnetic flux taking place round it in closed loops or 
paths, we say that an electric current is flowing along 
this wire. As a matter of fact, we do not know that any- 
thing flows, or if it does, in what direction or with what 
velocity it flows. We use, however, the phrase electric 
current^ sanctioned by custom, to express the sum total 
of aU the properties possessed by the wire under these 
conditions, the principal ones being that the wire, or con- 
ductor as it is termed, is in some degree warm, and has 
a magnetic flux of greater or less strength taking place 
round it and within it in closed lines. The conductor is 
in fact the axis round which a magnetic flux takes place, 
the lines of which are all closed loops having their planes 
perpendicular to the wire. Since this flux may take 
place in one direction or in another, may be of any 
strength, and may be constant in strength or variable, 
we have as a principal fact about electric currents that 
they have direction^ and ntagfiitude or strength, and may 
be varying or Unvarying in strength. If the embracing 
magnetic flux regularly changes its direction periodi- 
cally, being first directed one way and then the other. 
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the current is said to be alternating. Hence, as a first 
classification, electric currents may be either 

1. Of various strengths ; 

2. Continuous or unvarying ; 

3. Alternating ; 

4. Fluctuating or variable. 

If continuous, they may be in one direction or the 
other. 

It is important that the student should bear in mind 
that, although we are accustomed to speak of the current 
as flowing in the wire in one direction or the other, this 
is a mere form of words. What we call the current in 
the wire is, to a very large extent, a process going on in 
the space or material outside the wire. Just as we fami- 
liarly speak of the sun as rising and setting, when the 
effect is really due to the rotation of the earth, so the ordi- 
nary language we use in speaking about electric currents 
flowing in conductors retains the form impressed upon it 
by older and erroneous assumptions as to their nature. 

Electric currents, like magnetic flux, can, however, 
only exist in circuits. The cause, whatever it may be, 
which gives rise to an electric current in a circuit is 
called an Electromotive Force, 

It is found that a given electromotive force produces 
currents of very different strengths in circuits of various 
kinds, as measured by the magnetic flux existing round 
the circuit at an assigned place. 

That quality of the circuit, in virtue of which it per- 
mits an electric current to be produced in it by electro- 
motive force, is called the conductance of the circuit, and 
a circuit in which a current is taking place is called an 
Electric Circuit, 

It is usual and convenient to define the chief property 
of an electric circuit as its resistance, and to say that the 
resistance of an electric circuit is a quality of it, in virtue 
of which electromotive force is required to create in it an 
electric current. 
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An electric current can no more start itself in a circuit 
than a material substance can set itself in motion or 
change its own momentum. When momentum is created 
or destroyed, it is always due to mechanical force. When 
an electric current is created, it is invariably a conse- 
quence of the existence of electromotive force in some 
part of that circuit 

To create an electric current in an electric circuit re- 
quires an expenditure of energy, and hence the current 
when flowing is a form of energy. 

The peculiar property of electric circuits as we know 
them is that they continually absorb and dissipate the 
energy of their surrounding magnetic field as heat in the 
conducting circuit, and hence some source of energy has 
to be continually drawn upon to maintain a current, that 
is to maintain the magnetic flux embracing the conducting 
circuit. 

The student may assist his ideas by thinking of the 
energy processes at work in starting a heavy fly-wheel 
in rotation. To get up a certain speed the inertia of the 
wheel has to be overcome. This involves doing work, 
or expending energy of some kind on the wheel. When 
the wheel is set in rotation, it has associated with it a 
certain store of energy. The wheel will not, however, 
keep on rotating for ever by itself, because the friction 
at the bearings dissipates this energy gradually as heat. 
Hence, to keep this wheel rotating at a certain speed, 
we have not only to expend energy in the first place on 
it to get up speed, but v/e have to keep on expending 
energy on it to supply the amount continually being 
frittered away into heat in the bearings. The wheel 
has, therefore, two qualities : it has inertia, in virtue of 
which energy has to be spent on it to begin or produce 
rotation, and it has an energy- dissipating quality, due to 
the friction at the bearings, in virtue of which energy 
has to be continually supplied to the wheel to maintain 
rotation at a constant speed. 

Electric circuits are found to have two qualities 

G 
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exactly analogous to inertia qs\A friction in their effects. 
The first of these is called the inductance of the circuit, 
in virtue of which a current cannot be started at full 
strength at once in a circuit, but it requires the expenditure 
of energy to produce it. The second quality is called the 
resistance of the circuity and in virtue of this the energy 
initially given to the circuit is progressively dissipated 
as heat ; and hence electromotive force has to be con- 
tinually applied to maintain the current. We shall see 
later how each of these qualities is measured. 

§ 2. Production of an Electric Current. — ^There 
are many known methods by which an electric current 
can be produced ; but from what has been said in 
Chapter II. it will be evident that in each case, since 
an electric current represents energy of a particular kind, 
some other existing form of energy must always be 
transformed in manufacturing an electric current. The 
three principal ways in which the creation of a current 
takes place is by a transformation of — (i) Chemical 
energy; (2) Heat, or thermal energy ; (3) Mechanical 
energy. 

The first of these methods was discovered by Ales- 
sandro Volta, who at the close of the last century was 
led by following out certain physiological experiments, 
made by Galvani in 1790, to invent the voltaic cell, bat- 
tery or pile. Volta was Professor of Physics in the 
University of Pavia, in Italy, and on March 20th, 1800, 
he communicated an account of his discovery to the 
Royal Society in England. 

Let us attend first to the facts observed in the case 
of a single voltaic cell, couple or elementy as it is also 
called. 

In a glass vessel place some water slightly acidu- 
lated with sulphuric acid, or, in fact, almost any acid. 
Place in this vessel a rod or plate of perfectly pure zinc. 
Ordinary zinc may be rendered pure enough on the 
surface by rubbing it with a little mercury and dilute 



Fig. 18. 



Fig. 19. 
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sulphuric acid until it becomes amalgamated on the sur- 
face, with a mixture or alloy of zinc and mercury, which 
is as effective as pure zinc. It will be seen that the acid 
in the vessel has no apparent action on this amalgamated 
or pure zinc, and produces no change in it, A copper, 
silver, platinum, or a hard carbon plate is now to be 
placed in the same acid, but not touching the zinc No 
visible action takes place on either body. So far, the 
whole arrangement might be left an indefinite time with- 
out any apparent or appre- 
ciable changes taking place. 
In the next place let a 
wire be arranged so as to 
touch both the zinc and the 
copper or other plate, the 
wire being outside the liquid. 
Immediately a torrent of 
bubbles will be seen to 
ascend from the surface of 
the copper plate. (See Fig. 
18.) The bubbles prove on 
examination to be hydrogen 
gas. At the same time, if 
we examine the connecting 



Fie- 18,— a Vollaic Cell ccm^isl- 
ing of Zinc and Copper RcmJs 
placed in Hilate Sulphuric Acid. 
The doited arrows show the 
direction of the magnetic flux and 
the tirm-line arrows the direc* 
tion of the electric current. 

Fig. 19. — Fair of Astatic Needles. 



wire, we find this wire be- 
coming warm, and on testing 
it with a small exploring 
magnetic needle it will be 
found that there is a mag- 
netic flux all round this 
embracing it at every part, 
the lines of the flux being closed loops surrounding the 
wire. The wire, therefore, proves to be the axis of a mag- 
netic flux. We also find that the magnetic flux em- 
braces the liquid in the cell, and that the axis round 
which the magnetic flux is formed is a closed line or cir- 
cuit formed partly of the liquid and partly of the wire. 
G 2 
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Unless the current given by the cell is strong the student 
f^^y have some difficulty in verifying the above statements. It 
's> however, more easy to do so by using a pair of astatic ex- 
ploring needles made as follows. To a finely drawn-out glass 
"i>re, about six inches long, affix two fragments of magnetised 
^vatch-spring, each half an inch long, and made by breaking in 
'^^^i a piece of highly tempered watch-spring an inch long, pre- 
viously carefully magnetised. These two little magnets are 
fastened transversely, as in Fig. 19, to the glass fibre, but with 
their poles in opposite directions. The whole arrangement is 
then hung up by a fibre of cocoon silk in a long glass tube. 
Such a pair of equally strong magnets fastened to the same 
stem with poles in opposite directions is called an astatic system 
flf funf/cs^ because it has no tendency to stand in any particular 
direction under the action of the earth's magnetic force, and 
therefore may be regarded as out of the control of the terres- 
triai magnetic couple. 

Having then prepared the voltaic cell, hold the 

astatic system of magnets so that the lower needle lies 

just a^i>7*e the wire, at its centre ; the little needle will 

set Itself transversely to the wire, thus showing that the 

magnetic flux is in that direction at that point. Ne^^t 

t>^iir ^ 1^*?^^ needle just beli^o the wire, and it will set 

n^i ^^'^Mi *^^ f"^^^^ ^^ ^he opposite direction, but the 

thJ;x'f.«t ^^^"^"^ing transversely to the wire. By bending 

of the wi^^*^*^ ^*<ieways, the magnetic flux on the sides 

vtnce him^lT^K ^ ^*^plored. and the student can con- . 

evervwhe-rt- . . ^- ^^^ magnetic flux round the wire is 

t^und £t in eh! ?F^^ ''''Sles to the wire, and is directed 

If he thet?^"^ "^^^ 
tlie piate-^ hT^vx ""n^^^*^ ^^^^ ^^^^^ ^^^^ ^*^e acid between 
CO- ^oros;s the d]~I. '^"^ ^^^^'^^ ^^ ^^'»^^ ^^^ ^^^^^f transversely 
^urfikce- of the If ^-^V*^ jv>ining the plates, and that at the 

^treotlon : but th^^lV^^r .^^ ^^^^^ V"^^^ *^^ ^^^^ P^^^ ^^^ ^^^ 
^^<^ neei.ile wiU "'i ^^ ^'-^wcrevl to the bottom of the liquid 
tK>«^ ^nd tt i:^ iLx^L :?fT ^^"^ ^^^^^^^ 1""'^^^ in the opposite direc- 
^^>^-e^> the pUt^ ' '^ ^"^ ^^^'^^ ^^^^^ ^^^^ ^iq^i^ in the cell 
«^t^ ttu>c. ^^ - ^^ i^ ^xu rvnuKicvl by. and includes a mag- 
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In trying this last experiment it is essential that the 
wire connecting the plates should either be bent out of 
the way, or else that the glass connecting fibre joining 
the upper and lower needles should be so long that only 
the lower needle of the astatic pair is affected by the 
magnetic flux we are exploring. 

Hence the result of experiment is to show that the 
circuit formed partly of the wire and partly of the liquid 
in the cell is an electric circuit, or, as it is commonly 
called, a galvanic circuit, and thus it is embraced every- 
where by the lines of a magnetic flux linked with it. This 
flux passes through the aperture of the electric circuit 
and returns to complete its circuit over the outside. 

The circuit is said to be traversed by an electric 
current generated by the cell. Much discussion has 
taken place as to the location or origin of the electro- 
motive force in the cell, but to follow this out would lead 
us into matters hardly suitable for an elementary treatise. 
The plain facts concerned are not, however, difficult to 
understand. A brief discussion of the theory of the 
voltaic cell will be given in Chapter X. 

In order to determine whether a circuit is traversed 
by an electric current, and if so, in what direction, we 
make use of the magnetic property of the circuit so tra- 
versed, and construct what is called a Galvanometer to 
detect its presence. 

The student will find it desirable at this stage to construct 
a simple form of galvanometer in the following way : — 

Obtain two pieces of hard wood (see Fig. 20) \ an inch 
thick and 4 inches square, and cut in the centre of each a hole 
I inch in diameter. Make a stout paper tube i inch in diameter 
and 2 inches long, and glue the wooden pieces on to the ends 
of this, so as to make a short bobbin with square ends or cheeks. 
Into the interior of the paper tube fit a large wine-bottle cork 
which slides easily into the tube. Over the outside surface of 
one cheek fasten a watch-glass or piece of thin mica to close the 
opening to the tube. Procure half a pound of double-cotton 
covered wire, of size known as Na 32, and carefully wind this 
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on the bobbin. Before so doing it ia better to i 

insulating power of the cotton, and prevent it absorbing 
moisture by boiling the covered wire for some time in an iron 
saucepan in melted paraffin wax, which can most easily be 
obtained in the form of a paraffin candle. Fix to one of the 
wooden cheeks two brass binding screws or terminals, and in 
winding on the wire bring out the irmer end of ie wire 
through a small hole made in the cheek quite close to the 
paper tube and attach the bared end to one terminal. When 
the winding is complete connect the outside end of the wire 
to the other terminal. 




'ig. ao, — Simple form of Minor Galvanometer uid Lamp Case, 



This constitutes what is called the coil of the galvanometer. 
In the next place obtain from a scientific instrument maker a 
light silvered mirror, made by silvering a small disc of micro- 
scopic cover-glass half an inch in diameter. To the back of 
this fasten three small fragments of magnetised watch-spring by 
a little touch of shellac varnish placed in the centre of tlie mirror 
only; the poles being placed in the same direction. The 
mirror and magnets are then to be suspended from a pin stuck 
in the end of the cork by means of a short and very fine fibre 
of cocoon silk. Some little dexterity is needed to do this 
successfully. The cork, mirror and magnets are theti to be 
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inserted in the opening of the paper tube, so that the little 
magnets come exactly in the centre of the coil. Note that if 
the mirror back is covered with shellac varnish all aver^ it will 
on drying distort the mirror. 

The instrument so made is called a mirror galvanometer. 
Place the instrument on a table, and turn it round so that the 
magnetised needles hang parallel to the coils of the wire and 
the mirror is square across the tube. Obtain a large biscuit 
tin and place in it a small paraffin lamp, cutting a hole at the 
top for the chimney, and a hole at the side on a level with 
the flame about the size of a sixpence. Place this lamp about 
a yard from the galvanometer, so that the light of the lamp 
falls through the hole on to the mirror. By means of a 
magnifying glass or convex lens, held between the hole and 
the mirror, it will be found possible to make a sharp image of 
a fine wire stretched across the illuminated hole appear upon 
a sheet of card placed against the biscuit box above the hole. 
This arrangement forms a lamp, lens and scale as used with a 
mirror galvanometer. It is convenient to add to the galvano- 
meter a short vertical brass wire stuck in one cheek. On this 
wire is made to slide a cork, traversed by a short length of 
magnetised knitting needle. This controlling magnet can be 
turned round into various positions, and by making a field in 
the interior of the bobbin in different directions, it serves to 
make an adjustment of the position of the spot of light, or to 
cause the galvanometer needle to stand in any desired direction, 
irrespective of the direction of the earth's magnetic field at that 
point. 

The galvanometer forms a means of detecting the 
presence of an electric current in a circuit into which it 
is inserted. If a current flows through the wire of the 
galvanometer it creates round that wire a magnetic flux. 
The magnetic needle in the coil turns itself so that, as 
far as the controlling forces will permit, it stands with 
its axis more or less in the direction of the interior flux 
of the galvanometer coil, and, as we have seen, that flux 
is in a direction everywhere transverse to the wire. 
Hence if the galvanometer is so arranged that the needle, 



8S MAGNETS AND ^LKcTrIC CURRENTS, 

when at rest, stands in the plane of the wire windings, 
the passage of any current through this wire will make 
it turn so as to stand more or less across the plane of 
the windings in one direction or the other, according to 
the direction of the current in the wire. We have in 
this instrument a means of detecting the direction as 
well as the presence of a current in a circuit. 

Let wires be joined to the galvanometer terminals, 
and the following experiments tried. 

Take a piece of zinc, a piece of iron, and a piece of 
silver, say a zinc rod, a steel knife, and a silver spoon. 
Join the zinc rod by a wire to one terminal of the gal- 
vanometer, and the iron to the other, and dip the ends 
of the zinc and iron into water to which a drop of acid, 
say of vinegar, has been added. Notice which way the 
galvanometer needle moves. It will fly to one side. 
Then try replacing the zinc and iron by iron and 
the silver. The needle will move in the same direction. 
Next exchange the positions of the metals, and the 
current will be in the reverse direction. By examin- 
ing carefully in this way a series of metals it will be 
found that for any one liquid there exists an order 
or series amongst the metals, called the Electro-chemi- 
cal order^ such that any pair of metals in the series 
being taken and used as plates in a voltaic cell, the 
current, when the metals are connecte4, is from the one 
standing the higher of the two on the list to the one 
standing the lower of the two on the list, through the 
liquid in the cell. 

We have here used the term direction of the current, 
and the student must note how the direction of the 
current is determined. Consider a conducting wire in 
which an electric current exists, and suppose this wire 
is looked at endways ; if then the magnetic flux round 
that wire is in the same direction as that of the rotation 
of the hands of a watch, the current is said to flow from 
the observer in the wire. 

The reader must carefully fix this relation in his 
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mind by the aid of the diagram in Fig. 21, and by think- 
ing of the way in which the thrust and twist of a cork- 
screw are related. In putting in a right-handed screw 
we twist round in the clockwise direction, and push away 
from us. We then arrange the convention that the 
positive direction of the magnetic flux round the wire, 
and the positive direction of the current (so-called) in 
the wire, shall be related to each other like the twist and 
thrust of a corkscrew. By considering the direction of the 
current on this convention flowing in the wire connecting 
a pair of metals in a voltaic cell, it is found that the 




Thrust 



^ 



Girreni ^ 



Fig. 21. — Diagram showing the relation between Positive THvist 
and Positive Thrust, and also between Magnetic Flux and 
Electric Current, 



current flows in the cell from the metal standing the 
higher of the two in the electrochemical series to the 
metal standing the lower of the two, through the liquid. 
Thus, the current flows /r^;« zinc to copper through 
liquid, or in the direction, zinc, acid, copper (Z.A.C.). 
The copper is said to be \\\^ positive pole of the cell, the 
zinc the negative pole. The electrochemical order of the 
metals depends, however, to some extent, upon the 
nature of the liquids used as excitant, and if an alkaline 
liquid excitant like potassium persulphide is used, the 
order is somewhat different from that in dilute mineral 
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acids, as may be seen by comparing the two following 
lists : — 



Electrochemical order 


Electrochemical order 


of the metals in 


of the metals in 


dilute acids. 


alkaline persulphides. 


Zinc. 


Zinc. 


CadmiunL 


Copper. 


Lead. 


Cadmium. 


Tin. 


Tin. 


Iron. 


Silver. 


Nickel. 


Lead. 


Bismuth. 


Antimony. 


Antimony. 


Bismuth. 


Copper. 


Nickel. 


Silver. 


Iron. 


Gold. 


Gold. 


Platinum. 


Platinum. 


Hard carbon or 


Hard carbon or 


graphite. 


graphite. 



If two rods, plates or wires, made respectively of any 
of the bodies mentioned in the above list, are placed in 
any conducting acid or alkaline solution, the arrange- 
ment IS called a Voltaic Couple. Even if the plates are 
not connected there is an electromotive force due to the 
couple, and this, when the plates are joined by a con- 
ductor, or metallic wire outside the liquid, sends a 
current through the conductor from the metal standing 
the lower of the two in the electrochemical series to the 
metal standing the higher of the two in the list. 

The conditions to be complied with to obtain a 
current are that chemical action must be possible between 
one at least of the metals and the liquid used. More- 
over, both the plates or elements in the cell, as well as 
the exciting liquid, must be conductors. The liquid 
must therefore be an electrolyte^ that- is one which con- 
ducts by chemical decomposition. 

Consider, for instance, the case of zinc and copper 
placed in dilute sulphuric acid. 
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The sulphuric acid consists of hydrogen chemically 
combined with an acid radicle called the sulphuric acid 
radicle, and denoted in chemistry by the symbol SO4, 
meaning a union of one atom of sulphur (S) with four 
atoms of oxygen (O4). 

Sulphuric acid is denoted chemically by HaS04. and 
it is strictly speaking a sulphate of hydrogen. Sulphuric 
acid mixed with water is a good conductor of electricity, 
and, since its conductivity depends upon its chemical 
decomposition, it is called an electrolyte. 

Compounds of SO4 and metals, such as sulphate of 
zinc (ZnS04) and sulphate of copper (CUSO4) also 
exist, and are well known. If a piece of metallic zinc is 
placed in a solution of sulphate of copper (bluestone) it 
is found that the zinc expels the copper from its combi- 
nation with SO4 and takes its place, thus forming sul- 
phate of zinc (white vitriol) and depositing metallic 
copper. Hence it is said that the chemical affinity of 
the zinc for the sulphuric acid radicle SO4 is greater 
than that of copper. If two pieces of copper are put 
into dilute sulphuric acid, no electric current can be ob- 
tained by connecting them by a wire, because both 
plates are electrochemically identical. If a piece of zinc 
and copper are placed, say, in paraffin oil, no current is 
obtained because paraffin oil is not an electrolytic con- 
ductor of the current, and has no chemical action, either 
with zinc or copper. If plates of zinc and copper are 
placed in an electrolytic conducting liquid, such as 
dilute sulphuric acid, the acid radicle of which has a 
greater chemical affinity for one metal than for the 
other, an electric current is produced when the plates 
are connected. Since a particular kind of hard carbon, 
called gas retort carbon, or the hard carbon used for 
making arc-light carbons, is a fairly good conductor, 
and has no chemical action with most acid or alkaline 
solutions, it is generally used, in the form of carbon 
plates, for one of the elements in a voltaic cell, and then 
forms the positive pole of the cell, with zinc as the other 
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element which forms the negative pole. If the two metals 
are merely placed in the exciting fluid or electrolyte and 
not connected, the cell or couple is said to be on open 
circuit Under these conditions an electromotive force 
exists tending to urge a current through the liquid from 
one metal to the other, which is called the Open Circuit 
Electromotive Force^ but no curreiit exists until the metals 
are connected by a wire closing the circuit outside the 
cell. The energy of the current produced by a voltaic 
cell is the equivalent of a portion of the chemical 
potential energy of the chemical substances taking part 
in the reactions going on in the cell. This chemical 
potential energy in whole or part disappears, and an 
equivalent for some of it reappears in the form of the 
current. The zinc and sulphuric acid in the above 
instance taken together possess potential chemical energy. 
When they combine into sulphate- of zinc and free 
hydrogen, the resulting compounds possess less total 
potential chemical energy than the zinc and acid forming 
them. The difference is the equivalent of the energy 
represented by the heat produced in the cell and the 
electric current energy generated in the circuit. 

The voltaic cell therefore is a contrivance whereby 
some of the energy liberated when chemical bodies com- 
bine to form compounds possessing less potential chemi- 
cal energy than the constituents, is transformed into the 
energy of an electric current. The heat produced in 
the cell, together with the heat equivalent of the electric 
current energy taken together, is equal to the whole 
ener^ set free during the combination. 

Simple illustrations of voltaic couples as they are 
called, may be obtained by inserting a steel knife and a 
silver fork into an orange or lemon, and then connecting 
the metals with the galvanometer. A current will be 
generated proceeding /r^/« the knife to the fork through 
the acid]\\\Qt. of the orange. 

A piece of zinc placed under the tongue, and a silver 
coin placed on the top of the tongue, but not touching. 



ELECTRIC CURRENTS. 93 

will also be found to give a current when connected 
with the galvanometer, proceeding from the zinc to the 
silver through the tongue, the moisture of which acts as 
the acid. The zinc or steel in these cases forms the 
negative pole, and the silver the positive pole in the 
above combination. 

§ 3. Practical Forms of Voltaic Cells. Standard 
Cells. — In the various forms of cells in use for producing 
electromotive force and currents (usually called Primary 
Cells or Primary Batteries) one of the elements is gene- 
rally zinc or a metal of similar character, and the other 
element is generally copper, silver, platinum or hard 
carbon. 

Cells are called Dry cells when the liquid is mixed 
with some substance so that the electrolyte is in such 
a pasty condition that the cell can be sealed and used 
in any position. They are called single fluid celts when 
only one liquid is used with two metals, and two-fluid 
cells when two liquids are used. We shall describe more 
in detail the construction of various primary cells in the 
chapter on the Generation of Electric Currents ; mean- 
while the student will find that for small currents not 
required for any length of time, the most convenient 
cell to use is a dry cell called the Obach cell. For 
other purposes, when a stronger current is required, 
some form of the Bichromate cell (so called because the 
electrolyte contains Bichromate of Potash or Soda), and 
for fair constancy of electromotive force, the Daniell cell 
is to be preferred. 

There are two cells in special use as Standards of 
electromotive force. These are called respectively the 
Clark Standard Cell and the Helmholtz, or Calomel 
Standard Cell. 

The Calomel cell is made as follows : — Procure a 
wide test-tube about an inch in diameter and 3 or 4 
inches deep, and into the bottom of this place a little 
pure mercury, occupying say half an inch of the tube in 
depth. A piece of very fine glass tube must then have 
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a platinum wire sealed into one end, and the wire itself 
brought up to the top of the tube. A cork must 
be provided, fitting the test-tube, and through this cork 
two holes made, one in the centre, through which is 
passed a rod of pure zinc about one-quarter of an inch 
in diameter. (Such rods of cast zinc chemically pure 
can be obtained from any wholesale chemist.) The zinc 
rod must be passed through the cork tightly, and a short 
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length of copper wire must be soldered to the top end 
of the zinc rod (see Fig, 22), A hole is then to be 
made in the side of the cork through which the glass 
tube containing the platinum wire can be easily passed. 
The cork itself should be first well boiled in paraffin 
wax. Obtain next from the chemist some calomel or 
mercurous chloride, put this white powder to a depth 
of one inch on the top of the mercury, previously insert- 
ing into the mercury the end of the glass tube through 
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which the platinum wire protrudes, so that the platinum 
wire is underneath and in contact with the mercury, but 
so protected that nothing else placed over the mercury 
touches the platinum wire. Into the test-tube then pour 
a saturated solution of zinc chloride made by putting 
the solid chloride of zinc in water until no more is dis- 
solved. The test-tube containing the mercury and the 
calomel should then be supported by inserting its base 
into a wooden stand or into a hole bored in a large cork 
or bung. The saturated solution of zinc chloride having 
been poured on the top of the mercurous chloride, and 
the test-tube being very nearly filled with the solution, 
set the corTc in the test-tube so that the zinc rod dips 
into the solution of zinc chloride, but does not extend 
far enough down to touch the mercury. 

In putting in the cork, the glass tube containing the 
platinum wire must be passed through the side hole, so 
that when the cork is in its place the end of the zinc 
rod stands up through the centre of the cork, and the 
glass tube containing the platinum wire stands up 
through the hole in the side of the cork. Fine copper 
wires may then be soldered to the end of the platinum 
wire and to the zinc rod, and brought down to terminals 
fixed on the base. This arrangement constitutes a 
standard cell. It is not intended to be used for the 
purpose of producing an electric current, or at least 
only a very small one, but is employed as a Standard of 
electromotive force. The electromotive force of this cell 
is very nearly equal to a unit called a volt. To obtain 
an electromotive force of exactly one volt, the specific 
gravity or density of the zinc chloride solution must 
be adjusted to be i 'SS. 

The cell called the Clark's Standard Cell is made in 
a similar manner, with the exception that instead of 
using mercurous chloride, we use mercurous sulphatCy and 
instead of using a solution of zinc chloride a solution of 
zinc sulphate is employed. 

The following description is the specification given 
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by the Board of Trade for the construction of a standard 
Clark's cell : — 

The Clark cell, when sending only a very feeble 
current, has an electromotive force of 1*434 volts at 
1 5° Centigrade. 

The cell consists of zinc or an amalgam of zinc with 
mercury and of mercury in a neutral saturated solution 
of zinc sulphate and mercurous sulphate in water, pre- 
pared with mercurous sulphate in excess. The materials 
to be used must be carefully prepared as follows : 

{a) The Mercury, — To secure purity it should be 
first treated with acid in the usual manner, and subse- 
quently distilled in vacuo. 

(J?) The Zinc, — Take a portion of a rod of pure re- 
distilled zihc, solder to one end a piece of copper wire, 
clean the whole with glass paper or a steel burnisher, 
carefully removing any loose pieces of zinc. Just before 
making up the cell dip the zinc into dilute sulphuric 
acid, wash with distilled water, and dry with a clean 
cloth or filter paper. 

\c) The Mercurous Sulphate, — Take mercurous sul- 
phate, purchased as pure, mix with it a small quantity 
of pure mercury, and wash the whole thoroughly with 
cold distilled water by agitation in a bottle ; drain off 
the water, and repeat the process at least twice. After 
the last washing drain off as much of the water as 
possible. 

{d) The Zinc Sulphate Solution, — Prepare a neutral 
saturated solution of pure ("pure recrystallised ") zinc 
sulphate by mixing in a flask distilled water with nearly 
twice its weight of crystals of pure zinc sulphate, and 
adding zinc oxide in the proportion of about 2 per cent, 
by weight of the zinc sulphate crystals to neutralise 
any free acid. The crystals should be dissolved with 
the aid of gentle heat, but the temperature to which 
the solution is raised should not exceed 30° C. Mer- 
curous sulphate, treated as described in r, should be 
added in the proportion of about 1 2 per cent, by weight 
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of the zinc sulphate crystals to neutralise any free zinc 
oxide remaining, and the solution filtered, while still 
warm, into a stock bottle. Crystals should form as it 
cools. 

(e) The Mercurous Sulphate and Zinc Sulphate Paste. 
— Mix the washed mercurous sulphate with the zinc 
sulphate solution, adding sufficient crystals of zinc sul- 
phate from the stock bottle to insure saturation, and a 
small quantity of pure mercury. Shake these up well 
together to form a paste of the consistence of cream. 
Heat the paste, but not above a temperature of 30° C. 
Keep the paste for an hour at this temperature, agitat- 
ing it from time to time, then allow it to cool ; continue 
to shake it occasionally while it is cooling. Crystals 
of zinc sulphate should then be distinctly visible, and 
should be distributed throughout the mass ; if this is 
not the case add more crystals from the stock bottle, 
and repeat the whole process. 

This method insures the formation of a saturated 
solution of zinc and mercurous sulphates in water. 

The cell may conveniently be set up in a small test- 
tube of about 2 cm. diameter and 4 cm. or 5 cm. deep. 
Place the mercury in the bottom of this tube, filling it 
to a depth of say 0*5 cm. Cut a cork about 0*5 cm. 
thick to fit the tube ; at one side of the cork bore a 
hole through which the zinc rod can pass tightly ; at 
the other side bore another hole for the glass tube 
which covers the platinum wire ; at the edge of the 
cork cut a nick through which the air can pass when 
the cork is pushed into the tube. Wash the cork 
thoroughly with warm water, and leave it to ' soak in 
water for some hours before use. Pass the zinc rod 
about I cm. through the cork. 

Contact is made with the mercury by means of a 
platinum wire about No. 22 gauge. This is protected 
from contact with the other materials of the cell by 
being sealed into a glass tube. The ends of the wire 
project from the ends of the glass tube ; one end forms 

H 



98 



MAGNETS AND ELECTRIC CURRENTS. 



the terminal, the other end and a portion of the 
tube dip into the mercury. 

Clean the glass tube and platinum wire care! 
then heat the exposed end of the platinum red hot] 
insert it in the mercury in the test-tube, taking can 
the whole of the exposed platinum is covered. 

Shake up the paste and introduce it without coj 
with the upper part of the walls of the test-tube, 
the tube above the mercury to a depth of rather 
than I cm. 

Then insert the cork and zinc rod, passing the 
tube through the hole prepared for it. Push the I 
gently down until its lower surface is nearly in co( 
with the liquid. The air will thus be nearly all exp( 
and the cell should be left in this condition for at 
24 hours before sealing, which should be doi 
follows : — 

Melt some marine glue until it is fluid enouj 
pour by its own weight, and pour it into the test- 
above the cork, using sufficient to cover completelj 
zinc and soldering. The glass tube containinj 
platinum wire should project some way above the 
the marine glue. 

The cell may be sealed in a more permanent mj 
by coating the marine glue, when it is set, with a sol] 
of sodium silicate, and leaving it to harden. 

The cell thus set up may be mounted in any desi 
manner. It is convenient to arrange the mounti] 
that the cell may be immersed in a water-bath up 
level of, say, the upper surface of the cork. Its 
perature can then be determined more accurately! 
is possible when the cell is in air. 

In using the cell sudden variations of tempei 
should as far as possible be avoided. 

One advantage which the Calomel cell has ov( 
Clark's cell is that in the case of the Calomel cell th< 
a much smaller change in electromotive force with 
ing temperature, whereas in the case of the Clark'i 
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the electromotive force of the cell decreases with tem- 
perature to a marked degree. On the other hand, varia- 
tions in the specific gravity of the zinc chloride solution 
greatly affect the electromotive force of the calomel cell. 
The variation of electromotive force of the Clark's cell 
with temperature is shown in the table below. It is 
seen that a rise in temperature of one degree Centigrade 
reduces the electromotive force of the Clark's cell about 
^ parts in I0,ooo. In the case of the Calomel cell the 
corresponding variation would only be I part in 10,000. 
The temperature of the cell is best determined by 
placing it in water, and taking the temperature of the 
w^ater after allowing a sufficient time for the cell to take 
the same temperature as the water. 



Table showing the Electromotive Force of a Clark's 
Standard Cell at Various Temperatures. 

Electromotive 

Force of the 

Cell in Volts. 

•445 



"C. 



Temperature of 

the Cell in 

Centigrade Degrees. 

6° 
t 

9° 

10° 

12^ 

13° 
14° 
15° 
16° 
xt 
18° 

20° 
21° 

22** 

-< 
25 



•444 

•443 
•442 

•441 

•440 

•438 
•437 
•436 

•435 

1-434 

•433 
•432 

•431 

•430 
•428 

•427 

•426 

•425 
•424 

•423 

H 
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We shall refer to the use of these two cells as stan- 
dards of electromotive force presently. Voltaic cells or 
couples may be joined up in various ways. They may 
be joined up in series, in which case the positive pole of 
one cell is joined to the negative pole of the next, and so 
on, forming what is called a battery, and in this case the 
electromotive force of each cell is added to that of the 
others, so that the electromotive force of the whole 
battery, if consisting of cells of the same kind, is equal 
to the electromotive force of one cell multiplied by the 
number of cells. Voltaic cells or couples may be also 
joined up in parallel^ in which case the whole of the 
positive poles are joined together and the whole of the 
negative poles are joined together; the electromotive force 
of the battery is then only equal to that of one single 
cell of the same kind. Galvanic cells may be joined up 
partly in series and partly in parallel, to suit various 
necessities. 

§ 4. Thermo-electric Currents. — It was discovered 
by Seebeck, in 182 1, that an electromotive force could 

be generated by heating at 
one junction of a metallic 
circuit composed of two or 
more metals. If, for instance, 
a ring is made which is com- 
posed half of antimony and 
half of bismuth, and if one 
junction or place where the 
antimony touches the bis- 
muth is slightly heated, while 
the other junction is kept at the ordinary temperature of 
the air, an electric current is produced which circulates 
round the ring in such a direction that it passes /r^wi the 
bismuth to the antimony across the heated junction. 
(See Fig. 23.) 

This discoveiy was completed by that of Gumming, 
who about the same time discovered another important 
fact, viz. that for every oair of metals there exists a 
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Fig. 23. — Bismuth- Antimony 
Thermocouple. 
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certain temperature called the neutral temperature^ such 
that if the temperature of the hot junction is as far 
above the neutral temperature as the temperature of a 
cold junction is below the neutral temperature, then no 
current is produced in the circuit at all. Thus, for in- 
stance, the neutral temperature of copper and iron is 
about 275° C. Hence, if a ring is made half of copper 
and half of iron, and if one junction of the copper and 
iron is kept at 0° C, or at the melting-point of ice, and 
the other junction is heated to 100° C, or at the boiling- 
point of water, a current is produced which goes from 
the copper to the iron across the heated junction. If, 
however, one junction is heated to 450° C, whilst the 
other junction is kept at 100° C, then, since the tempera- 
ture of the hot junction is 175° above the neutral tem- 
perature, and the temperature of the cold junction is 
175° below the neutral temperature, it is found that no 
electric current is produced in the circuit. This cur- 
rent, however, when produced, is called a thermo-electric 
current The two metals so used are called a tkermo- 
electric-couple y and the electromotive force which produces 
this current is called a thermo- electromotive force. Since 
the current so generated represents energy, it is clear 
that, in order to create a thermo-electric current, some 
energy must be transformed, and the ^energy which is 
transformed is heat, which is absorbed in part at one 
junction of the two metals. 

Lord Kelvin discovered, in 1851, that, in addition to 
the absorption of heat at the hot junction, there was also 
an absorption of heat taking place all along the metals 
forming the thermo-couple as a consequence of the differ- 
ence in temperature between adjacent points in the 
metals. In other words, the electromotive force set up 
in the circuit is not only produced at the junctions where 
the two different metals touch one another, but there is 
also an electromotive force existing in the body of the 
metals themselves forming the couple, at all points, 
owing to the difference in temperature betwen adjacent 
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points in the metals. Thus, for instance, in the case of a 
copper-iron thermo-couple, part of the total electromotive 
force IS due to the fact that Aot copper is thermo-electri- 
cally different from colder copper in the same manner that 
iron is thermo-electrically different from copper at the 
same temperature. 

In an unequally heated bar of copper there is at 
every point of the bar an internal electromotive force 
acting from the cooler part of the copper to the warmer 
part of the copper, and in an unequally heated bar of 
iron a similar electromotive force acting from hot iron to 
cold iron. Silver, zinc, cadmium and antimony resemble 
copper in this respect, whilst platinum and bismuth 
resemble iron. In lead, this internal electromotive force 
is zero. 

This last effect is known as the Thomson effect in the 
metals, whilst the transformation of energy taking place 

at the junctions where 
Hot junctions ^^ different metals meet 

^A^ ^ ^ri> ^r^ ^^ called the Peltier effect. 

BlmAfumABlmABlmA Hence the resultant or 

total electromotive force 




generated in a thermo- 

_ couple is partly Thomson 

GH>lJuncUons ^ electromotive fofce and 

Fig. 24.— Bismuth- Antimony partly Peltier electromo- 
Thermopile. tive force, and is the joint 

effect due to the Peltier 
effect at the two junctions and the Thomson effect in the 
two separate metals. Pieces of two different metals 
may be joined up in such a way as to constitute what is 
called a thermo-electric battery ^ or thermo^pile. Thus, if a 
number of pieces of iron and German silver are joined 
together in a zigzag fashion alternately (see Fig. 24), and 
connected with a galvanometer, and if one set, say, the 
even junctions, are heated, whilst all the others, say the 
odd junctions, are cooled, then each thermo-electric 
couple will set up an electromotive force, and the elec- 
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tromotive force of the whole battery or thermo-pile is 
equal to the sum of all the electromotive forces of the 
separate couples of which it is composed. 

A convenient arrangement of this kind, called a 
Gulcher thermo-pile, is useful in the laboratory. It con- 
sists of a number of bars of nickel and of a certain alloy 
of antimony, these thermo-couples being so arranged 
that one set of junctions are heated by a row of gas jets, 
whilst the others are kept cooled by the outside air. 
An instrument of this latter kind can be made to give 
a continuous electromotive force of 4 to 6 volts, as long 
as the gas jets are kept burning, and is very convenient 
to use for many purposes for which a small continuous 
electromotive force is useful. 

§ 5. Magneto-electric Currents. — Faraday discovered 
in 1 83 1 a third method for producing electric currents, of 
greater practical importance than those discovered either 
by Volta or Seebeck. Faraday found that if a metallic 
circuit, say a copper ring, is placed in the neighbourhood 
of magnets or of conductors conveying electric currents 
in such a position that a magnetic flux passes through 
the ring or circuit, the lines of magnetic flux being 
linked through with it, and if the total amount of the 
magnetic flux passing through the ring is altered or in 
any way changed, either increased, decreased, reversed, 
or destroyed, then under these circumstances an electro- 
motive force is set up in the ring or circuit. 

This electromotive force produces in the circuit of 
the ring an electric current if the circuit is complete. 
Any movement of the ring or any change of the mag- 
netic field causing the total flux passing through and 
linked with the ring to change in any way, creates in 
the ring this electromotive force, which is called the 
induced electromotive force. By an elaborate series of 
experiments Faraday established that the electromotive 
force set up in the ring circuit is at any instant exactly 
proportional to the rate at which the magnetic flux 
through the ring is changing at that instant. The 
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student can verify the general facts by taking a coil of 
wire consisting (say) of one hundred turns of insulated 
wire formed into a small ring three or four inches in 
diameter, and connecting this wire coil with the gal- 
vanometer already described. Let the ring coil then be 
slipped over the pole of a permanent magnet, and it will 
be found that on so doing the galvanometer makes a de- 
flection, indicating the presence of current in the coil. 
But if the coil is held steadily in any position near the 
magnet, then the galvanometer indicates no further 
current in the circuit. Any movement, however, of the 
coil to or from the magnet is accompanied by the pro- 
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an electric current in the coil, which lasts Just 
the motion lasts, always providing that that 
of such a kind as to continually change 
etic flux passing through the coll. Thus, for 
f the coil is held with its plane perpendicular 
is of the magnet, but a long way from the 
id then moved suddenly close up to the pole 
gnet (as in Fig. 25), the result of this motion 
ie an increase in the magnetic flux passing 
le ring, and hence to create an induced electro- 
rce in the ring. This electromotive force is 
len the ring is moved quickly than when it is 
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moved slowly. If, however, the ring coil is held edgeways 
towards the magnet, and moved up (as in Fig. 26) towards 
the magnet pole, this kind of motion does not change the 
magnetic flux passing through the coil ; because no lines 
of magnetic flux are linked or unlinked with the circuit 
of the coil, and hence under these conditions we find no 
current produced in the ring.* 

The student should experiment with a coil and a 
bar magnet, and convince himself that there are certain 
motions of the ring which result in the production of 
electromotive force in the ring, and hence of an electric 
current ; and, on the other hand, there are certain other 
motions of the ring in the neighbourhood of the magnet 
which do not result in the production of an induced 
electromotive force in the coil circuit. In the chapter 
specially devoted to Electromagnetic Induction we shall 
examine still more in detail this remarkable discovery, 
and show how it leads, in addition, to a practical way of 
measuring magnetic flux whether existing in the air or 
in an iron circuit completely closed. 

* It need hardly be said that neither here nor elsewhere in this book do 
the diagrams represent the relative sizes or distances of the apparatus illus- 
trated. In the above experiments (Figs. 25 and 26) it would be necessary 
in practice to place the galvanometer a sufficient distance from the magnet 
to prevent the needle being directly influenced by the magnet 
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CHAPTER V. 

THE MEASUREMENT OF ELECTRIC CURRENTS. 

§ I . The Magnetic Flux round an Electric Current. 
Whatever may be the form given to an electric circuit 
or wire conveying an electric current, there is always for 
the same circuit a definite field of magnetic flux round 
that circuit when traversed by a current ; and it is ne- 
cessary to examine the character of the flux in various 
cases. The reader should construct, therefore, in the 
first place, a coil of wire of about No. 20 S.W.G. (Stan- 
dard Wire Gauge), having the form of a flat ring, prefer- 
ably of nearly square cross-section. 

In buying wire for experimental purposes in electrical work, 
the student should purchase double cotton covered copper wire of 
the necessary size. There are certain standard sizes of wire in 
use, the diameters of the bare wires being stated by numbers, 
according to the scale called the Standard Wire Gauge (S.W.G.), 
or the Birmingham Wire Gauge (B.W.G.), but the sizes for 
very accurate work are best stated in mils, one mil being the 
one-thousandth part of an inch. The following tables (p. 107) 
give data for the sizes most in use in electrical work. 

The wire for electrical purposes is sold insulated with either 
cotton or silk. Double-cotton covered (d.c.c.) copper wire is 
good enough for most purposes unless high insulation is re- 
quired, when the more expensive double-silk covered wire 
should be used. The wire should always be of that quality 
called high conductivity (H.C.) copper wire. 

The double-cotton covering adds about 10 mils to the thick- 
ness of the wire, and the double-silk covering adds about 
5 mils to the thickness. When a hank or bobbin of wire is 
purchased it should be first baked in the oven for an hour at a 
teinperature rather above that of boiling water, and then boiled 
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Standard Wire Gauge. 



No. 


Diameter 


No. 
II 


Diameter 


No. 
21 


Diameter 


No. 
31 


Diameter 


in inches. 


in inches. 


in inches. 


in inches. 


I 


•300 


•116 


•032 


•0116 


2 


•276 


12 


•104 


22 


•028 


32 


•0108 


3 


•252 


13 


•092 


23 


•024 


33 


•0100 


4 


•232 


14 


•080 


24 


'022 


34 


•0092 


5 


*2I2 


15 


•072 


25 


•020 


35 


•0084 


6 


•192 


16 


•064 


26 


•018 


36 


•0076 


7 


•176 


17 


• '056 


27 


•0164 


37 


•0068 


8 


•160 


18 


•048 


28 


•0148 


38 


•0060 


9 


•144 


19 


•040 


29 


•0136 


39 


•0052 


10 


•128 


20 


•036 


30 


•0124 


40 


•0048 



Table of Copper Wire Gauges. Round Bare Wire. 



Number 
of Wire 
Gauge. 



Diameter of Wire in inches. 



Birmingham 

Wire Gauge. 

B.W.G. 




Standard 

A\ire Gauge. 

S.W.G. 



B.W.G. Wire. 

Yards of Bare 

Wire which 

make I lb. in. 

weight. 



•128 

•104 

•080 

•064 

•048 

•036 

•028 

•022 

•018 

•0148 

•0124 

•0108 

•0092 

•0076 



6*14 
9-28 
i6-o 
26*1 

47*9 

131-1 
176-4 

305*5 
430-8 

562-7 

765-9 
1103-0 

1767-0 



B.W.G. Wire. 

Resistance in 

ohms per lb.* 



•0109 
•0249 
•0741 
•1971 
•6629 
2*095 

4-976 
9-009 
27-01 

53-72 
91-61 
169-7 

351*9 
903*5 



* The figures in the 
Electric Wire Company's 
those given above. 



last two columns are taken 
list. Other published values 



from the London 
differ a little from 
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in white paraffin wax, to impregnate the cotton or silk, and pre- 
vent it from taking up moisture. To do this, procure a pound 
or two of pure white paraffin wax, and place it in a clean iron 
saucepan. Melt it carefully over the fire or a gas flame, and 
add a sjnall lump or two of rosin. Then immerse the bobbin 
or coil of wire in this melted wax, and boil it until all bubbles 
cease to rise from the wire. Take care not to let the paraffin 
rise in temperature much above the temperature of boiling 
water, or so high as to smoke strongly. When the wire is im- 
pregnated pull out the bobbin or coil with a bit of bent wire 
and let it cool. 

In making a flat ring coil of wire, the best way is to cut out 
a circular piece of wood, say of 4 inches in diameter, slightly 
conical, and J an inch thick. Screw on to each side of this 
disk a rather larger disk of thin wood or thick cardboard. On 
this flat circular bobbin wind a coil of say fifty or one hundred 
turns of No. 20 cotton-covered copper wire, bringing the ends 
out through holes in the side disks. Then boil this coil, boards 
and all, as made, in paraffin wax, in a saucepan (which is best 
kept for the purpose), and when well boiled take it out and let 
it cool. When quite cold the side disks may be taken off and the 
coil of wire detached. The hard wax will cause the turns of 
wire to stick together, so that they retain the circular shape. 
The ring coil is then best preserved by winding it over with 
tape, which may be finally painted with shellac varnish. The 
inner and outer ends of the wire must be brought out through 
the tape. In making a coil for experimental purposes always 
count the number of turns of wire, and mark it on the coil. 

Fix this flat coil between two pieces of thin board 
joined together but having nicks or cuts made in them 
to let the coil through (see Fig. 27). The coil must be 
so arranged that it is inclosed by the boards — half the 
coil being above and half below — and the centre of the 
coil on a level with the upper surface of the wood. The 
wood must then be neatly covered with white paper on 
its upper surface. Pass a rather strong current (four or 
five amperes at least) through a ring coil so arranged, 
and sprinkle fine steel filings all over the paper. Tap 
the board, and the filings will arrange themselves in a 
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series of curves, as shown in the figure. These filings 
delineate the lines of magnetic flux round the circular 
current. It will be seen that the flux goes through the 
aperture of the coil and then divides and returns round 
the outside, thus completing its circuit. If a small ex- 
ploring magnetic needle or pocket compass is held in 
various positions near the coil, it will be found that the 
small magnetic needle places itself in every position 
along, or tangent to, the line of magnetic flux ; and by 
following round a line of magnetic flux it will be seen 
to be linked with the wire of the electric circuit or axis 
of the electric current. It is therefore commonly said 




Fig. 27. — The dotted lines show the Direction of the Magnetic 
Flux round a Circular Conductor conveying a Current ; the 
lines being taken on a horizontal plane through the centre. 



that a current flowing in a circuit generates lines of 
magnetic flux round the circuit which are linked with 
that circuit. 

It is, however, better to think of the wire as simply 
forming the circular axis round which there is a re- 
entrant magnetic flux, or circuit of magnetic flux. It 
will also be seen that in noplace except just at the very 
centre of the coil are the lines of magnetic flux parallel 
and straight. 

The reader should, in the next place, explore the 
form of the magnetic flux round a long coil or solenoid 
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made as described on page 13. Take such a long 
bobbin, and cut a piece of stout card just wide enough 
to fit easily into the hole in bobbin and form a floor 
half-way across. Sprinkle this card with steel filings, 
and then insert it into the hole in the bobbin and pass 
a strong electric current through the wire. Tap the card, 
and then stop the current Withdraw the card gently 
and examine it, and it will be found that the steel filings 
are arranged (see Fig. 28) in a series of nearly straight 
lines, but branching out a little near to the mouth of the 
iperture. This shows us that the magnetic flux in the 




Fig. 28. — Lines of Magnetic Flux in the Interior of a long 
. Solenoid delineated by Iron Filings. 

interior of such a long coil is in nearly parallel lines, and 
the magnetic flux is said to form a unifdrm magnetic field 
in the interior of the bobbin. By fitting a piece of card 
outside the bobbin as well, the student may succeed in 
delineating the form of the exterior field of the bobbin 
or long coil, and it will be found to be exactly similar to 
that of a bar magnet. Hence it is sho\yn that such a 
long solenoid or bobbin of wire traversed by a current 
produces a magnetic field outside the coil which is en- 
tirely similar to that of a bar magnet of about the same 
general shape ; also that in the interior of the coil, at 
places not too near the mouth of the coil, it produces a 
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perfectly uniform magnetic field. It can be shown that 
the magnetic flux density in the interior of the long coil 
is in absolute (C.G.S.) units equal to ij times the pro- 
duct of the number of turns of the wire per centimetre 
length of the coil and the current in amperes flowing 
through the coil. A definition of the ampere as the 
practical unit of current will be given later. Hence, if a 
long coil has a length between the cheeks of one hundred 
centimetres, and has on it five hundred turns, the turns 
per centimetre length are 5. If, therefore, one ampere 
is passed through the wire of this coil, it will make in 
the interior a uniform magnetic flux density of 1^x5 
C.G.S. units. This last product divided by 100 gives 
the flux density in microwebers per square centimetre.* 
A coil of this description is therefore useful in creating 
a standard magnetic flux. 

There is another way in which a practically uniform 
magnetic flux may be created. 

Let the reader prepare two such flat ring coils as 
described above, and fix them vertically on a board so 
that their planes are parallel to one another and their 
centres are separated by a distance equal to the mean 
radius of each coil. On sending a current through the 
two coils in the same direction, and placing a piece of 
cardboard in the plane of the centre and sprinkling iron 
filings over it, it will be seen that this arrangement of 
two parallel coils creates a very uniform magnetic field 
over a large space between the coils. 

Based on this fact, we can construct an instrument 
for the measurement of electric currents called a tangent 
galvanometer. 

§ 2. Construction of a Tangent Galvanometer. — 
A simple form of tangent galvanometer may be con- 

* As a practical hint let the student note that for such a long solenoid 
the interior magnetic flux density is given by the rule — 

Interior magnetic flux density) ^ • u j- -j 1 i. 

in microwebers per square I = ^'"P^'^^ '""^n^ ^^ ""=•> <''*'<1«<1 by 
centimetre ) *°* 
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the line O E (see Fig. 30) represent in magnitude and 
direction the earth's magnetic horizontal field strength, 
or, which is numerically the same thing, the earth's 
magnetic horizontal flux density, at the centre of the 
coils. Let O C represent the magnetic field due to the 
coils, and which is at right angles to the earth's field. 
Then O R represents the direction of the resultant field, 
and will represent the direction in which the galvano- 
meter needle will stand when placed at the centre of 
the coils. In a right angle triangle such as O E R the 
ratio of the length of the side ER to the side OE is 

called the tangent of the angle 
ROE, and since O C is equal 
to E R, the ratio of O C to O E 
is the tangent of the angle 
ROE. In the table of tan- 
gents (see Appendix) the value 
of the tangents for every angle is 
given. Thus, for instance, the 
tangent of 45° is i. This means 
to say that if the angle R O E is 
45°, then E R is equal to O E, 
or the ratio ^ E R to O Y. is 
unity. Hence, knowing the angle 
ROE and the value of O E, we 
can calculate O C. For it is obvious that in this case O C 
is equal to the product of O E and the tangent of the angle 
ROE. Hence, a tangent galvanometer is one in which 
the magnetic flux density due to a current in a coil at a 
certain assigned position is compared directly, as re- 
gards magnitude, with a known standard magnetic flux 
density at right angles to it, such as that of the earth, 
at the same place, by observing the deflection of a 
small magnetic needle in the resultant field, and thus 
obtaining the tangent of the angle of the deflection of 
the small needle, which number, multiplied by the num- 
ber denoting the strength of the earth's magnetic flux 
density, gives a number denoting on the same scale of 




Fig. 30. 
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measurement the magnetic flux density due to the coils, 
both being measured at the central region half-way 
between the coils. 

The current in the coils is proportional in strength to 
. the magnetic flux density at any assigned or fixed point 
near the circuit. Hence such an instrument enables us 
to measure electric currents. The condition of success 
is that the instrument must obey the tangent law, and 
this is not the case unless the field due to the coils is 
perfectly uniform over a space larger than the length of 
the needle. Hence the indicating needle in a tangent 
galvanometer should always be short in length compared 
with the diameter of the coils, and at most not longer 
than one-tenth of the diameter of either coil. The needle 
of a tangent galvanometer may conveniently be made of 
a small horse-shoe magnet, with a long indicating needle 
formed of a glass fibre across the poles. 

§ 3. Definition of the Practical Unit of Current. 
One Ampere. — We have not hitherto mentioned one 
important property of an electric current. If part of an 
electric circuit is composed of a liquid of certain kinds, 
it is found that this liquid is chemically decomposed 
when the current flows through it. In a glass or other 
vessel place a little solution of sulphate of copper, made 
by pouring boiling water on the blue crystals and de- 
canting the clear solution. Scrape two lead plates, 
I inch wide and 6 inches long, quite clean and place 
them in the solution, near but not touching. Join to 
the lead plates the wires from a battery of three or 
four dry cells joined up in series, and let the arrange- 
ment stand a little while ; then lift out the lead plates 
and examine them. It will be found that one plate, 
viz. that connected with the negative pole, or zinc end 
of the battery, is covered with a thin film of metallic 
copper ; the other lead plate is merely slightly dis- 
coloured. 

This process of electrically decomposing a liquid 
is called Electrolysis, Any liquid which can be thus 

I 2 
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decomposed is called an Electrolyte. The elements or 
bodies into which an electrolyte is separated are callqd 
the lons^ and the plates or wires which are put into the 
electrolyte and against or on which the Ions are libe- 
rated are called the Electrodes. The electrode by which 
the current enters the elect rolj-te is called the Positive 
Electrode^ or Anode^ and the electrode by which it leaves 
the electrolyte is called the Negative Electrode^ or Cathode. 
The vessel in which the experiment is done is called an 
Electrolytic Cell. These terms were invented by Faraday, 
It is not every liquid which is an electrolyte. For instance, 
paraffin oil is not an electrolyte, but salt water is an 
electrolyte. Dilute sulphuric acid is also an electrolyte, 
and the ions liberated from it are oxygen and hydrogen. 

Solutions of metallic salts in water, such as nitrate of 
silver, sulphate of copper, or chloride of zinc, are electro- 
lytes, and water acidulated with any acid is also an 
electrolyte. 

Faraday discovered by laborious experiments that 
the passage of a given quantity of electricity through an 
electrolyte is always accompanied by the decomposition 
of a constant corresponding mass of that electrolyte, and 
that, in fact, without this decomposition the current can- 
not pass at all. Moreover, he found that if the same 
current is passed successively through two or more elec- 
trolytic cells in series having in them different electro- 
lytes, the amount of electrolyte decomposed in each cell 
bears a definite relation to the chemical equivalents or 
chemical combining proportions of the ions composing 
the electrolytes. 

The weight in grammes of any ion or body deposited 
at an electrode in one second by a unit current is called 
the Electrochemical Equivalent of that body. Great 
labour has been expended in determining the relative 
proportions by weight in which such bodies as silver, 
copper, zinc and hydrogen are liberated or deposited by 
a constant known current per unit of time. 

It has been shown both by Faraday and by others 
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that the mass of any given ion deposited is exactly 
proportional to the product of the current strength, and 
to the time during which it has flowed. In other words, 
a given quantity of electricity passing through an elec- 
trolyte always deposits on the electrodes a definite cor- 
responding mass of the ions. The ion which appears 
against or is deposited on the positive electrodey or elec- 
trode in connection with the positive pole of the battery, 
is called the Electronegative ion. 

The other ion is called the Electropositive ion. 
Hydrogen and the metals are electropositive ions, and, 
so to speak, move with the current through the electro- 
lytic cell. Oxygen and salt radicles are electronegative 
ions, and move against the current through the elec- 
trolyte. 

The law of Faraday may be stated by saying that 
the deposition of a unit mass of any given ion against 
an electrode always requires the passage of the same 
quantity of electricity through the electrolyte. This 
at once provides a means of defining and measuring a 
current, and accordingly a unit of electric current has 
been selected which is called One Ampere, and which is 
legally defined as follows : — 

The ampere is the name of an unvarying electric cur-- 
rent which, when passed through a solution of nitrate of 
silver in water made according to a certain specification, 
deposits silver at the rate of '001 1 18 of a gramme per 
second. 

The above is the Board of Trade definition of an 
ampere as ordered by a resolution of the Queen in 
Council in 1894. 

If a current of one ampere flows for one hour through 
an electrolyte, the quantity of electricity which has 
passed is said to be one ampere-hour. It is easily seen 
that the ampere-hour of quantity would deposit 4*025 
grammes of silver. Since there are 3600 seconds in one 
hour, and 3600 X '001118 = 4*025. 

The quantity of electricity which is conveyed past 
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any section of the circuit by one ampere per second is 
called a coulomb. Hence 3600 coulombs are equal to 
one ampere-hour. 

Electrochemical equivalents may therefore be stated 
per coulomb or per ampere-hour, and these electro- 
chemical equivalents are the weights in grammes of the 
ions liberated or deposited by the above quantities of 
electricity. 

The following is a table of the electrochemical equi- 
valents of many ordinary elements : — 





Electrochemical Equivalents 




in Grammes. 


Ions. 




._^ 




Per Coulomb. 

• 


Per Ampere-hour.* 


Hydrogen .... 


•000010338 


•03^-381^ 


Potassium , 






•0004539 


I '45950 


Sodium 






•00023873 


•85942 


Aluminium . 






• 00009449 


•34016 


Magnesium . 






•00012430 


•44748 


Gold . 






•0006791 I 


2 • 44480 


Silver . 






•001 I 1800 


4^02500 


Copper (from cupric salts) . 


•00032709 


I •17700 


„ (from cuprous salts) . 


•00065418 


2 • 35400 


Mercury .... 


•00103740 


3 '73450 


Iron (from ferric salts) . 


•00019356 


•69681 


„ (from ferrous salts) 


•00029034 


I •04521 


Nickel .... 


•00030425 


I • 09530 


Zinc 


•00033696 


1-21330 


Lead 


•00107160 


3-85780 


Oxygen .... 


•00008286 


•29829 



Having these data before us, the process of measuring 
an electric current in amperes by means of electrolysis 
is as follows : — 

A saturated solution of sulphate of copper is placed 
in a glass vessel. This solution is made by pouring 
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boiling water on the crushed blue crystals of the sulphate 
of copper, and after stirring well and allowing it to stand, 
filtering off the cold solution. It is found desirable to 
add about 5 per cent., or one-twentieth part by volume, 
of strong sulphuric actd to this liquid. Two copper 
plates are then made chemically clean, which is done by 
immersing them in strong nitric acid, and letting the 
acid boil violently upon them. 

This operation should be carried out in the open air or in a 
fume cupboard, as the red nitrous fumes which come off are 
very poisonous. The copper plates should be allowed to lie in 
the acid until, when picked out by a bent wire, they present a 
perfectly clean, bright, lustrous salmon-coloured appearance all 
over, and have no brown spots or patches anywhere. They 
should then be dropped into a large jug of cold water. 

These plates having been dbemically cleaned are then 
washed, dried and weighed.* 

They are then placed in the sulphate of copper solu- 
tion and supported so as to be about half an inch apart, 
and nearly all immersed in the liquid. If a constant 
steady electric current is passed through this electrolytic 
cell, one of the copper plates will gain in weight by the 
deposition of copper upon it, and one will lose in weight 
by copper being taken ofT it. If the time during which 
the current passes is noted by a good watch, and if the 
current is kept constant in strength during that time, 
and if at the end of the period the gain in weight of the 
negative electrode is noted, we can at once determine the 
strength of the current in amperes. To do this, divide 
the gain of weight of the plate measured in grammes 
by the number of seconds during which the experiment 
has lasted and by the number "00032709, which is the 
electrochemical equivalent of copper per ampere per 
second. The result is the mean value of the current in 
amperes. 

* For fuUer particulars as to the precautions to be observed in carrying 
out this experiment the reader should consult the author's * Electric U 
Laboratoiy Notes and Forms,' No. 24 Advanced Series. 
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The reader who has, in accordance with the foregoing 
instructions, made a tangent galvanometer, should then 
proceed to calibrate this galvanometer, that is to say, find 
out the deflection the needle makes when a current of 
one ampere is passed through th« coils. 

To do this, he should join up the tangent galvano- 
meter and a copper electrolytic cell made as above 
described, and send the same current through both, 
adjusting the current to give a deflection of about 45° 
on the galvanometer scale. Then dry and weigh both 
copper plates, and with a good watch at hand start the 
current at a noted instant. Keep the current constant 
for fouu or five hours by slightly moving the copper 
plates to or from each other during that period. At the 
end of the experiment again dry, and weigh the plates 
on a delicate chemical balance, and from the gain in 
weight of the negative electrode and the known time of 
the experiment determine the mean value of the current 
in amperes. The constant of the galvanometer is the num- 
ber by which the tangent of the angle of deflection of the 
needle must be multiplied to give the value of the current 
through the coils in amperes. Hence, having observed the 
deflection due to a known current, we can calculate this 
constant by dividing the value of the current in amperes 
by the tangent of the observed deflection, and always 
thereafter determine from any other observed deflection 
of the needle the value of the current in amperes it repre- 
sents. • If the reader has access to a good ammeter or 
instrument already calibrated to read direct in amperes, 
he will find it to be an instructive experiment to pass 
a number of different currents, measured in amperes, 
through the two-coil tangent galvanometer already de- 
scribed, and observe the deflections of the needle so pro- 
duced. If he then compares the tangents of the angles 
of these deflections with the value of the known currents, 
it will be found that they are strictly proportional, over 
a range at least from 0° to 70° deflection. 

This would not be the case if the tangent galvano- 
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meter were made with a single coil, as is usually the 
case with most shop instruments, and with a needle not 
very small in length compared with the diameter of the 
coils. ~ 

§4. Practical Electric Units. — We have already 
seen that to produce a current in a circuit an active 
cause called Electromotive Force must be present, and we 
have described the construction of a voltaic cell called a 
calomel standard cell, the electromotive force of which 
when not sending a current, or but a feeble one, is taken 
as a standard of comparison. The Helmholtz or calomel 
cell may be adjusted so as to have an electromotive force 
which is exactly equal to that called one volt The 
electromotive force of a Clark standard cell is I '434 
volts at 1 5° C. 

By the term Resistance of an electric circuit is meant 
that quality of it, in virtue of which it prevents the 
creation of more than a certain current in it by a given 
electromotive force, and it is found that this depends 
upon the form of the circuit, and upon the material of 
which it is made. 

The electrical quality of the material of which the 
circuit consists, which determines in this resoect the re- 
sistance of a standard form of it, is called its resistivity. 
The resistivity (p) is defined as the resistance of one cubic 
centimetre of the substance to conduction across opposed 
faces of the cube. Hence it follows that in the case of a 
uniform wire of cross section S square centimetres and 
length L centimetres, the resistance R in the selected 
units is obtained by multiplying /> by L and dividing 
the product by S. 

For the practical measurement of resistance we must 
select a standard substance, whose resistivity shall be 
the standard of comparison, and for this purpose pure 
mercury is chosen. The mercury is put into a tube of 
known form and length, and the unit of resistance is 
defined to be the resistance of a column of pure mercury 
at 0° C, the length of which is 106*3 cm., and cross 
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section one square millimetre. It is found best tc define 
the section by means of the weight of mercjry, and 
accordingly the Board of Trade definition of a unit of 
resistance is as follows : — 

// is the resistattce at the melting-point of ice of a 
column of pure mercury io6"3 cm. long and weighing 
14*4521 grammes, and of constant cro'^s section. This 
resistance being the resistance to an unvarying electric 
current. 

The above unit of resistance is called one Ohm, As 
a matter of practical convenience it is customary to use, 
as a working standard of resistance, a copy made in 
metallic wire of the above mercury unit of exactly equal 
resistance, and this is called a Standard Ohm CoiL 
The resistivity of a substance is, therefore, the resist- 
ance of one cubic centimetre across opposed faces of 
the cube, measured in ohms or microhms. 

The Board of Trade has also defined the unit of 
electromotive force, called one Volty as follows : — 

The unvarying electromotive force which creates in 
a circuit having a resistance equal to one ohm^ an un- 
varying current of one ampere is called one volt The 
ampere^ the ohm and the volt are the three fundamental 
practical unit's of electrical measurement. 

As regards the derivation of these names, the student 
must notice that the custom has arisen of calling the practical 
units of electrical measurements by names abbreviated from 
those of celebrated men. We have a similar usage in com- 
mon life in which objects much in common use, such as a cab, 
carriage, hand-bag or cloak, are nicknamed after either their 
inventor or some illustrious person, and called a Hansom^ a 
Victoria^ a Gladstone^ or a Macintosh, The practical electrical 
units are as follows : — 

The unit of current is called an ampere^ after Marie Andrd 
Ampere. The unit of resistance is called an ohniy after George 
Simon Ohm. The unit of electromotive force is called a volt^ 
after Alessandro Volta. The unit of quantity is called a coulomb^ 
after Charles Augustin Coulomb. The unit of capacity is called 
a farad^ after Michael Faraday. The unit of magnetic flux is 
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called a weber^ after Wilhelm Weber. The unit of inductance 
is called a henryy after Joseph Henry. The unit of power is 
called a watt, after James Watt ; and the unit of work or energy 
is called ?i Joule, after James Prescot Joule. 

The following is the legal definition of the Ohm 
Ampere and Volt, as fixed by the authority of the Queen 
in Council. 

At the Court at Osborne House, Isle of Wight, 
the 23rd day of August, 1894.* 

Present, The Queen's Most Excellent Majesty 

IN Council. 

Whereas by " The Weights and Measures Act, 1889," it is 
among other things enacted that the Board of Trade shall from 
time to time cause such new denominations- of standards for 
the measurement of electricity as appear to them to be required 
for use in trade to be made and duly verified ; 

And whereas it has been made to appear to the Board of 
Trade that new denominations of standards are required for use 
in trade based upon the following units of electrical measure- 
ment, viz. : — 

1. The Ohm, which has the value of 10' in terms of the 

centimetre and the second of time, and is repre- 
sented by the resistance offered to an unvarying 
electric current by a column of mercury at the tem- 
perature of melting ice 14*4521 grammes in mass 
of a constant cross-sectional area, and of a length of 
106 '3 centimetres.^ 

2. The Ampere, which has the value yV ^^ terms of the 

centimetre, the gramme and the second of time, and 
which is represented by the unvarying electric cur- 
rent which, when passed through a solution of nitrate 
of silver in water, in accordance with the specifica- 

♦ From the * London Gazette,' Friday, August 24, 1894. 

t Previously to this official definition of the Ohm, resistances were mea- 
sured in terms of a unit called the Bi'itish Association Unit (B.A.U.), and 
the relation between the B.A.l^ and the Ohm as defined above is — 

I B.A.U. = '9866 ohm. 
I ohm = I 01358 B.A.U. 
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tion appended hereto, and marked A, deposits silver 
at the rate of o*ooiii8 of a gramme per second. 
3, The Volt, which has the value 10* in terms of the 
centimetre, the gramme and the second of time, 
being the electrical pressure that if steadily applied 
to a conductor whose resistance is one ohm, will 
produce a current of one ampere, and which is re- 
presented by c 6974 (xftf) ^^ t^^ electrical pressure 
at a temperature of 15*^ C. between the poles of the 
voltaic cell, known as Clark's cell, set up in accord- 
ance with the specification appended hereto, and 
marked B. 
And whereas they have caused the said new denominations 
of standards to be made and duly verified ; 

Now, therefore. Her Majesty, by virtue of the power vested 
in Her by the said Act, by and with the advice of Her Privy 
Council, is pleased to approve the several denominations of 
standards set forth in the schedule hereto, as new denominations 
of standards for electrical measurement. 

The Board of Trade specification for obtaining by 
the electrolysis of a silver salt the value of a current 
in amperes is as follows : — 

In the following specification the term silver voltameter 
means the arrangement of apparatus by means of which an 
electric current is passed through a solution of nitrate of silver 
in water. The silver voltameter measures the total electrical 
quantity which has passed during the time of the experiment, 
and by noting this time the time average of the current, or if 
the current has been kept constant, the current itself, can be 
deduced. 

In employing the silver voltameter to measure currents of 
about one ampere the following arrangements should be ad- 
opted. The cathode on which the silver is to be deposited 
should take the form of a platinum bowl not less than 10 cm. 
in diameter, and from 4 cm. to 5 cm. in depth. 

The anode should be a plate of pure silver some 30 sq. cm. 
in area and 2 mm. or 3 mm. in thickness. 

This is supported horizontally in the liquid near the top of 
the solution by a platinum wire passed through holes in the plate 
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at opposite comers. To prevent the disintegrated silver which 
is formed on the anode from falling on to the cathode, the anode 
should be wrapped round with pure filter paper, secured at the 
back with sealing wax. 

The liquid should consist of a neutral solution of pure silver 
nitrate, containing about 15 parts by weight of the nitrate to 
85 parts of water. 

The resistance of the voltameter changes somewhat as the 
current passes. To prevent these changes having too great an 
effect on the current, some resistance besides that of the volta- 
meter should be inserted in the circuit. The total metallic 
resistance of the circuit should not be less than 10 ohms. 

Method of making a Measurefnent 

The platinum bowl is washed with nitric acid and distilled 
water, dried by heat, and then left to cool in a desiccator. 
When thoroughly dry it is weighed carefully. 

It is nearly filled with the solution, and connected to the 
rest of the circuit by being placed on a clean copper support to 
which a binding screw is attached. This copper support must 
be insulated. 

The anode is then immersed in the solution, so as to be 
well cpvered by it, and supported in that position ; the connec- 
tions to the rest of the circuit are then made. 

Contact is made at the key, noting the time of contact. 
The current is allowed to pass for not less than half-an-hour, 
and the time at which contact is broken is observed. Care 
must be taken that the clock used is keeping correct time 
during this interval. 

The solution is now removed from the bowl, and the deposit 
is washed with distilled water, and left to soak for at least six 
hours. It is then rinsed successively with distilled water and 
absolute alcohol, and dried in a hot-air bath at a temperature of 
about 160° C. After cooling in a desiccator it is weighed again. 
The gain in weight gives the silver deposited. 

To find the current in amperes, this weight, expressed in 
grammes, must be divided by the number of seconds during 
which the current has been passed, and by coon 18. 

The result will be the time-average- of the current, if during 
the interval the current has varied. 

In determining by this method the constant of an instru- 
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ment, the current should be kept as nearly constant as possible, 
and the readings of the instrument observed at frequent inter- 
vals of time. These observations give a curve from which the 
reading corresponding to the mean current (time-average of the 
current) can be found. The current, as calculated by the volta- 
meter, corresponds to this reading. 

It is found by experiment that the resistivity of bodies 
is very much affected by their temperature. In the 
cases of all pure metals the resistivity is increased by 
heating them, and diminished by cooling them, and if 
they could be cooled to the temperature —273® C, called 
the absolute zero of temperature, which is 273 degrees 
centigrade below the melting-point of ice, they would have 
no resistivity at all. In the case of alloys of metals, 
change of temperature has not nearly so great an effect, 
and in some alloys, for certain ranges of temperature the 
resistivity decreases instead of increasing as they are 
heated. In the case of carbon and some other bodies, 
particularly also in the case of electrolytes, the effect 
of heating them is to decrease their resistivity. The per- 
centage change in resistivity produced by heating a body 
one degree centigrade in temperature is called its tempera- 
ture coefficient, and is expressed as a percentage reckoned 
on its resistivity at o^ C. Thus, the mean temperature 
coefficient of pure metals between oP C. and 100*^ C. is 
0*4 per cent, per degree centigrade. It has been found 
by careful experiments that when proper correction is 
made for the change in temperature of a metallic electric 
circuit by the passage of a current through it, the re- 
sistivity of the material is the same whether the current 
through it is large or small. This is a very important 
fact, because it points to a great difference between the 
relation of magnetic reluctivity to magnetic flux density 
in magnetic circuits made wholly or partly of iron, and 
the relation of electric resistivity to electric current in 
electric circuits made of metals. The magnetic re- 
luctivity of the iron is not independent of the magnetic 
flux density in it, but the electric resistivity is indepen- 
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dent of the current strength in the electric circuit, pro- 
' vided the necessary temperature correction is made. 
The following tables* give the resistivity of most 

Table showing the Electrical Resistfvity of Pure 

Annealed Metals. 



Metal. 



Silver . 
Copper 
Gold . 
Aluminium 
Magnesium 
Zinc . 
Iron . 
Cadmium 
Palladium 
Platinum 
Nickel 
Tin . 
Thallium 
Lead . 
Mercury J 
Bismuth 



Resistivity in 

Microhms per 

cubic centimetre 

at 0° C. 



Mean 
Percenta^rc 

Temperature 
Coefficient 

between cP C. 
and 100° C. 



1-468 


•400 


i*56i 


•428 


2-197 


•377 


2-665 


•435 


4*355 


•381 


5*751 


•406 


9-065 


•625 


10*023 


•419 


10*219 


•354 


10*917 


•367 


12-323 


•622 


13-048 


-440 


17*633 


•398 


20-380 


-411 


94-070 


•339 


108 • 000 


• • 



* From experiments by Professors Fleming and Dewar, PhiL Mag., 
Sept. 1893, p. 271. 

t From the determinations made by Professors Fleming and Dewar. 
X The resistance of a column of pure mercury 100 centimetres long and 
I square millimetre in cross section, taken at 0° C, is equal to -9407 ohm. 
The above resistance is called a Siemens Unit, Taking a column of mer- 
cury one square millimetre in section at 0° C, the following is the length 
of the column for various units of resistance : — 
One ohm = 106*3 cm. 

One British Association unit (B.A.U.) = 104 "87 cm. 
One Siemens unit =100 cm. 
One Siemens unit = '9535 BrA.U. 



128 



MAGNETS AND ELECTRIC CURRENTS. 



Table showing the Resistivity of Certain Alloys. 







Resistivity 
in Microhms 


Mean 
Percentage 


Alloy. 


Composition. 


per cubic 
centimetre at 


Temperature 
Coefficient 






0° C 


between 0° C. 






\J v.*. 


and 100^ C. 


Aluminium-copper 


94: 6 


2*904 


•381 


Aluminium-silver . 




94:6 


4-641 


•238 


Gold-silver . 




90 : 10 


6-280 


-124 


Copper-aluminium 




97 :3 


8-847 


•089 


Platinum-rhodium 




90 : 10 


21-142 


•143 


Nickel-iron . 




95 :5 


29*452 


*20I 


German silver 






CufiZn^Nia 


29-982 


^027 


Platinum-iridium 






Ptjr 


30-896 


•082 


Platinum-silver 






I : 2 


31*582 


'024 


Platinoid 






• • 


41-731 


•031 


Manganin . 






• • 


46-678 


-00 


Iron-manganese 






88 : 12 


67-148 


•127 


Hadfield's Resista 




. . 


76-468 


•no 



ordinary pure metals and many alloys, expressed in 
microhms per cubic centimetre. This number is the 
resistance in millionths of an ohm of a cubic centimetre 
of the substance to conduction across opposed faces. 
The same tables give the temperature coefficient of the 
material, viz. the mean percentage change in resistance 
per degree centigrade. 

The resistivity at any temperature f C. can be cal- 
culated by adding to the resistivity at o** C, as given in 
the tables, an amount numerically equal to the product 
of the resistivity at 0° C, the rise in temperature f^ and 
the mean percentage temperature coefficient, as given in 
the table above, divided by 100. Thus the resistivity of 
copper at ioo° C.is equal to 

1-561 + 1-561 X 100° X - — = 2 -229. 
^ "^ 100 ^ 
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The above tables show that, with the exception of 
iron and nickel, the temperature-coefficients of pure 
metals are not very different, and are approximately equal 
to 0'4 per cent, per degree centigrade. As regards alloys 
there is no uniformity, and it is possible to form alloys 
which even have a negative temperature-coefficient^ that 
is, which decrease in their resistance when heated within 
certain limits. 

There are certain manganese copper and nickel 
alloys which, within certain ranges of temperature, thus 
have a negative temperature-coefficient : that is to say, 
the resistivity decreases or conductivity increases, with 
rise of temperature. In the case of carbon and electro- 
lytes generally the same is also the case, and hence, by 
combining in series a suitable carbon and metallic re- 
sistance, it is possible to make a compound circuit which 
does not change its resistance at all within certain limits 
when heated or cooled. 

The resistivity of copper wire is generally referred to a 
standard called Matthiessefi s Standard, Matthiessen measured 
the resistance of a hard-drawn copper wire one metre long and 
weighing one gramme, and found that this Metre-Gramme of 
hard copper at o® C. had a resistance of '1450 ohm. This is 
called Matthiessen's standard. In converting it into volume 
resistivity, or resistance per cubic centimetre, he took the 
specific gravity of hard copper as 8*89; and hence the above 
value for the metre-gramme resistivity leads to the value 1626 
C.G.S. units as the resistivity per cubic centimetre of hard cop- 
per wire, or i • 630 microhms per cubic centimetre. Matthiessen 
also found that the resistance of a wire of pure soft copper at 
0° C. one metre long and weighing one gramme was • 1417 ohm. 
The specific gravity he took as 8*91, and hence the resistivity 
of soft copper per cubic centimetre was 1594 C.G.S. units, 
or 1*594 microhms per cubic centimetre. These numbers are 
not quite the same as those given on the authority of Fleeming 
Jenkin, by whom the resistivity of hard copper is given as 1620 
C.G.S. units, and that of soft copper as 1584. 

The ratio of the resistivity of hard or unannealed copper to 

K 
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that of soft or annealed copper is given by Matthiessen as 
1*0226 to I. 

The values which should be taken as deduced from Mat- 
thiessen's experiments with hard-drawn copper wire, and which 
are properly called Mattjiiessen's standards, are as follows : — 

. The resistivity of hard or unannealed copper wire of specific 
gravity 8*89 taken at 0° C. is 1626 C.G.S. units, or 1*626 
microhms per cubic centimetre. 

The resistivity of soft or annealed pure copper of specific 
gravity 8*91 taken at 0° C. is 1594 C.G.S. units, or 1*594 
microhms per cubic centimetre. 

At the present time soft annealed copper wire can be ob- 
tained with a resistivity of 1560 at o^ C, which is between 2 and 
3 per cent, lower than Matthiessen's value. 

The specific gravity of pure copper may be taken as 8 • 9 for 
all* practical purposes. The resistance of the metre-gramme of 
unannealed or hard copper as * 1450 ohm at 0° C, and the 
resistance of the metre-gramme of soft annealed copper at o** C. 
as '1420 ohm. 

,§ 5. Ohm's Law. — We have then to consider more 
in detail the relation of the quantities above mentioned. 

If a uniform unvarying electromotive force (produced 
say by a voltaic cell or battery) is allowed to act in an 
electric circuit, consisting of a metallic wire of uniform 
section, it produces in it a constant electric current 

If any two points on this electric circuit are selected 
and joined together by- a very long and thin wire, this 
constitutes what is called a Shunt Circuit on these 
points. This shunt wire can be of such a nature, that 
when connected it makes very little change in the 
current flowing in the original circuit between these 
selected points, and for this purpose the shunt must 
have large resistance. The current flowing in this shunt 
wire can be detected by placing in the circuit of the 
shunt a sensitive mirror galvanometer, and the current 
so measured is called the Shunt Current. It is possible 
then to insert in the shunt circuit another electromotive 
force which shall oppose the tendency of the first to 



MEASUREMENT OF ELECTRIC CURRENTS. I3I 

produce a shunt current, and fhall reduce this shunt 
current to zero. When this is the case, the electro- 
motive force introduced into the shunt circuit is a 
measure of the difference of potential between the 
points selected on the original circuit This potential 
difference (P.D.) between the points is, therefore, 
measured by the electromotive force reckoned in volts, 
which must be introduced into a shunt circuit of large 
resistance joining them, to just prevent the flow of any 
current through the shunt. Hence potential difference 
is measured in volts, just as is electromotive, force. 

The student must, however, notice that there is a 
physical difference between electromotive force (E.M.F.) 
and difference of potential (P.D.) There is as much dis- 
tinction between these quantities as between the water- 
moving force of a pump and the mere difference of level 
between neighbouring points on a river. Instead of the 
phrase difference of potential we have also in use the 
equivalent terms fall of potential^ or fall in volts, or 
voltage, to express the same idea. There may be a 
difference of potential between two points on an electric 
circuit, whilst at the same time there is no electromotive 
force in that portion of the circuit. We can, however, 
always measure the difference of potential between two 
points on a circuit, by measuring the electromotive force 
in volts which has to be inserted in a high resistance 
shunt circuit joining those two points, in order that no 
currents may flow through the shunt. It is to be 
noted that the current in a conductor is always from 
the place of higher potential to the place of lower 
potential, and in this connection the student may think 
of potential ]ust as if it were pressure in a fluid in motion 
in a pipe. 

If any conductor has produced in it steady uni- 
directional currents of different values, and if the 
corresponding electromotive forces in this circuit or 
potential differences between the ends of this conductor 
are measured, then the relation between these measured 

K 2 



132 MAGNETS AND ELECTRIC CURRENTS. 

values can be stated by a rule first given by Dr. G. S. 
Ohm, in 1827, and hence called after his name Ohm^s 
Law, This law may be expressed as follows : — 

If in any circuit there is a steady unidirectional 
electromotive force producing a corresponding steady 
unidirectional current^ tkeUy if the electromotive force 
changes in value, the current changes in the same ratio, 
provided there is no alteration in the temperature of the 
circuit. 

The constant numerical ratio of the magnitudes of 
the electromotive force and current is the numerical value 
of the resistance of the circuit. Hence Ohm*s law may 
be expressed symbolically thus : — 

Voltage' V 

_ °- s a constant, or -pr = const 

Current C 

Ohm's law applies not only to the circuit as a whole, 
but to each part of the circuit, when that portion does 
not contain a source of electromotive force. 

It is then stated as follows : — 
' If in any conductor forming part of a circuit there 
is a steady tmidirectional electric current, and a steady 
unidirectional difference of potential between the ends of 
that conductor, then if the difference of potential changes 
in value, the current changes in the same ratio, pro- 
vided there is no alteration in the temperature of the 
conductor. 

The constant numerical ratio of the values of the 
terminal potential difference and the current is the 
numerical value of the resistance of that portion of the 
circuit or conductor. 

If the current is measured in amperes, and the electro- 
motive force or difference of potential measured in volts, 
the resistance of the circuit or conductor will be mea- 
sured in ohms. 

We have, therefore, the following statement regarding 
steady unidirectional current flow in circuits : — 
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Th4 eUctromotive-f orcein tjie\ .^^^ ^^^^^ resistance of 
ctrcmt measured in volts II ^/^ ^.^^^^^^ reckoned 
The current in t/u circuit [ ^^ ohms, 

in amperes, ) 

or 

The difference of potentials\ 
between the ends of the con- y,^^ resistance of t/ie 

ductor measured in volts [=| conductor in ohms. 
The current in the conduc- 
tor in amperes 

Ohm's law is not a mere truism. It is a physical 
fact, of great importance, that in the case of steady uni- 
directional current flow in conductors, the electromotive 
force or, as the case may be, the terminal potential dif- 
ference varies in exact proportion to the current, as long 
as the conductor remains the same, and at the same 
temperature. It also gives us a definition of what is 
meant by equality in resistance between conductors 
made of different materials. Conductors are said to 
have the same or equal resistance if the numerical value 
of the ratio between the currents in them to the corre- 
sponding terminal potential differences is the same. 
Hence, if one volt terminal potential difference corre- 
sponds to 10 amperes of current, conductors in which 
this occurs have the same resistance. 

The student may be assisted in remembering these 
relations between electromotive force, current and resist- 
ance, by fixing in his mind the letters R, C, E, in the 
following positions : — 

CR' 

Cover over with the finger any letter, say C (current), 

/ 1 /E\ 

and the position of the remaining letters \^J denotes 

that the numerical value of the current is equal to that 
of the electromotive force divided by that of the re- 
sistance. 
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In the same way it is seen that electromotive force 
(E) is equal to the product (C R) of current and resist- 
ance. The rule may be stated in ohms (O), amperes 
(A), and volts (V) by the symbol 



AO' 
which is used in the same way. 




TVB, 



^5g« 3^' — Potentiometer Apparatus for Experimental Proof of 
Ohm's Law. G, Mirror galvanometer; T, Tangent gal- 
vanometer ; W.B., Working battery ; Ck, Clark cell. 

In order to investigate experimentally the relation 
between the fundamental quantities, current, potential 
difference, and resistance, the student should construct 
the following piece of apparatus : — 

On a hard straight wooden board (see Fig. 31), 4 feet long 
and 6 inches wide, paste a paper scale a metre in length and 
divided into centimetres and millimetres. If such a scale is not 
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procurable, the board must be covered with white drawing 
paper, and a scale in inches and tenths divided on it The 
board should be stiffened by three transverse pieces, to act as 
feet, and prevent it warping out of shape. At one end of this 
board is fastened a strip of copper xy (see Fig. 31), the whole 
width of the board, and having on it a terminal /. To this strip are 
soldered four wires, called slide wires, of equal diameter, two of 
platinoid, P, and two of German silver, gs ; and these wires should 
be about No. 32 gauge, and, as far as it is possible to obtain 
them, precisely of the same diameter. The other ends of the 
four wires are soldered to separate little strips of copper, each 
having a terminal /. The wires can be placed about half an inch 
apart on the board. This apparatus is then completed by join- 
ing in series with it a tangent galvanometer T, for measuring 
currents, made as described on page 11 1, and also a few battery 
cells, called the working battery W.B. 

Three standard Clark cells Ck must then be provided, and 
also a sensitive mirror galvanometer G. The instructions for 
making these instruments have been already given. The appa- 
ratus is arranged as shown m Fig. 31. The terminal of the 
Clark cell not attached to the galvanometer is provided with a 
wire, ending in a piece of brass with a chisel edge c, and which 
is wide enough to make simultaneous contact on two of the slide 
wires when placed across them. The Clark cell or cells must 
be joined up with the positive pole in connection, through the 
galvanometer, with the common terminal of the four wires, and 
to that terminal must also be attached the positive pole of the 
working battery. Each platinoid slide wire should have a 
resistance of about 6 ohms, and it will carry a current of half an 
ampere safely. The working battery should consist of i to 3 
Obach dry cells, large sizes. 

Proceed -then to make the following experiments : — 
Let a current be sent from the working battery W.B. 
through the circuit of the tangent galvanometer T and 
one of the slide wires // (say a platinoid wire), and ad- 
justed by resistance to such a value that the tangent 
galvanometer gives a steady deflection, say of 10° ar 20^ 
Then find a place c on the slide wire, such that when 
touched with the chisel contact of the Clark cell Ck it 
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causes no deflection in the needle of the mirror galvano- 
meter G. When this is the case, it is clear that the 
fall of potential down the length of the slide wire, in- 
cluded between the place of the chisel contact and the 
common terminal, is equal to the electromotive force of 
one Clark cell. 

Read off on the scale the length of slide wire included 
between the place of contact of the chisel and the com- 
mon terminal bar. In the next place, insert two Clark 
cells in series in the shunt circuit, and increase the work- 
ing currents through the slide wire, and observe the 
deflection of the tangent galvanometer when the mirror 
galvanometer makes no deflection, the chisel contact 
being preserved at the same point in the slide wire. 
It will be found that the tangents of the angles of deflec- 
tion of the tangent galvanometer in the two cases are 
in the ratio of 1:2. Since these tangents are propor- 
tional to the respective currents in the slide wire, and 
since the fall in volts down the length of the slide wire 
is proportional to the electromotive force in the shunt 
circuit, we learn that for conductors of the same resist- 
ance the current in them varies as the fall in volts down 
the resistance. The experiment may be extended by 
taking three Clark cells in series, and again increasing 
the working current until the slide wire balance is ob- 
tained, and proving that the working current is now 
three times as large as in the first instance. In the third 
place, keep the working current constant, and vary the 
number of Clark cells in the shunt circuit, noting at the 
same time the varying lengths of slide wire required, as 
measured between the common terminal and the position 
at which the chisel contact must be placed, so that the 
mirror galvanometer may show no deflection. 

It will be found that the length of wire varies as the 
voltage in the shunt circuit, or as the fall of potential 
down the section of the slide wire used. In the fourth 
place, join two of the platinoid wires in parallel, and, 
using the same working current as before, prove that 
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when ofie Clark cell is used in the shunt and two wires 
in parallel, the length of each slide wire employed is the 
same as if two Clark cells are used in the shunt circuit 
and one slide wire above. Lastly, by similar separate 
experiments with a German silver and a platinoid wire, 
using the same working currents and one Clark cell in 
the shunt, show that the slide wire balance cannot be ob- 
tained for the same length of slide wire in the two cases. 
For equal lengths and sections, and for equal working 
currents, the fall in potential down Xhe platinoid vf'w^ will 
be about twice as great as that down the German silver 
wire. On carefully examining the results obtained it will 
be seen that these experiments may be made to prove : — 

i. That the fall in potential down a wire of constant 
length, section and material varies as the current through 
it, or 

VocC. 

ii. That the fall in potential down a wire of constant 
section and carrying a constant current, varies as the 
length of the wire, or 

VcxL. 

iii. That the fall in potential down a wire of given 
material and of given length, and carrying the same cur- 
rent, varies inversely as the cross section of the wire, or 

Voc± . 

iv. That for wires of the same length and section, 
and carrying the same current, the fall of potential down 
them is dependent on the nature of the wire, and varies 
for each different material, or 

Voc/o; 

where /> is a physical constant, called the resistivity of 
the wire. 
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When the magnitude of an effect depends upon the 
magnitude of several variable quantities, and we find that 
allowing each to vary in turn, but keeping all the rest 
constant in magnitude, causes the dependent quantity 
or effect to alter proportionately to the change in eacii 
varied quantity separately, then it is evident that the 
dependent quantity is proportional to th^ product of all 
the variables, when all vary together. In other words, 

since V varies independently as C, L, -^, and p when 

each changes separately, V must be proportional to the 
product of the four when all vary together, or 

^ s • 

The resistance of a uniform wire varies as its length, 
inversely as its section, and directly as the resistivity of 

the material. Therefore the quantity -^ in the above 

equation is the measure of the resistance (R) of the wire. 
Hence we have 



and therefore 
or 



V=CR, 



This last equation expresses the fact that the ratio of 
the current in the wire, to the corresponding fall of 
volts down the wire, is proportional to the length of 
the wire, inversely as the section of the wire, and 
directly as the resistivity of the wire. The ratio of C 
to V is accordingly constant, and this is therefore a 
proof of Ohm's law. It will be seen, therefore, that the 
above experiment, if carefully carried out, is sufficient 
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to give an experimental proof of Ohm's law. We make 
no assumptions, except that the electromotive force of a 
Clark cell remains constant during the experiments, and 
that the electromotive force of two or three cells is 
twice or thrice that of one cell. 

We have also previously proved that the tangent of 
the angle of deflection of the tangent galvanometer is a 
measure of the current flowing through its circuit. 

If necessary, we can prove the additive law of electro- 
motive forces, by experimentally showing that the fall of 
potential down a wire carrying a constant current which 




3.Ck 



Fig. 32. — a bcdj Potentiometer wire ; G, Mirror galvano- 
meters ; Ck, Clark cells. 



balances the electromotive force of three Clark cells in 
series is equal to three times the electromotive force due 
to one Clark cell. This can be shown by joining one 
Clark cell in series with the mirror galvanometer, and 
finding the length ab oi the slide wire (see Fig. 32), which, 
when traversed by a current carefully kept constant, has 
a fall of potential on it just enough to balance the 
electromotive force of a single Clark cell. Then move 
on the two contacts, so that the shunt circuit again 
makes a balancing contact at two places bCy and a third 
time at a length cd. Then these lengths of wire, ab. 
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be, cd, have equal drops of potential down them. Next 
take three Clark cells in series with the mirror galvano- 
meter, and, with the same current in the slide wire, it 
can be shown that the shunt circuit must now be 
tapped on to the slide wire over a length a dy to make 
a balancing contact, and hence the electromotive forces 
of the three Clark cells in series must be equal to the 
sum of their separate electromotive forces. 

Very exact experiments have been made, to discover 
whether Ohm's law is strictly true for large variations of 
current in copper wire, and it has been found that when 
the necessary corrections have been applied for the 
change in resistance due to alteration of temperature, the 
numerical ratio of the current in amperes to the voltage 
producing that current is always the same, whether the 
current is large or small. 

The student will notice, therefore, in comparing the 
production of electric currents in electric circuits by 
electromotive force, and the production of magnetic flux 
in magnetic circuits by magnetomotive force, that all 
electric circuits resemble air magnetic circuits, or circuits 
of unit permeability, in that the ratio of voltage to 
currents, or of magnetomotive force (gaussage) to mag- 
netic flux, is independent of the particular magnitude of 
the current or flux. In the case of ferromagnetic circuits 
it is not so, the ratio of magnetomotive force to magnetic 
flux is dependent on the magnitude of the magnetic flux. 
This fact greatly simplifies electric calculations. They 
would be rendered much more difficult if it was not pos- 
sible to name the resistance of a copper wire until we 
knew the current which was to be put through it. 

§ 6. Magnetic Field of a Straight and Circular 
Current. — If a current flows through a straight con- 
ductor, with the return conductor at a considerable 
distance, the direction of the magnetic flux due to the 
straight current round its conductor is in a series of 
coaxial circles whose centres lie on the wire. This can 
be experimentally proved as follows : — 
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Take a copper wire, No. 12 size, and pass it through 
a hole in a piece of white cardboard. Support the wire 
so that it is vertical, and the card so that it is horizontal. 
Then pass through the wire a strong current (30 amperes 
is required to .show the experiment well), and sprinkle 
the card with fine steel filings. These filings will arrange 
themselves (see Fig. 33) in a series of concentric circles. 



Fig. 33. — Circular Lines of Magnetic Flux suirounding a No. tl 
Wire conveying an Electric Corrent of 30 amperes, Uken 
in a plane perpendicular to the wire. Delineated by steel 

If a small magnetic test needle is held anywhere near 
the wire, it will set itself at all points at right angles to 
the wire, or stand tangent to the circular lines. (See 
Fig. 34.) These filings delineate the lines of magnetic 
flux. The direction of the flux is considered to be re- 
lated to the direction of the current as is a right-handed 
twisl to a forward thrust. It can be shown, that if the 
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wire is exceedingly long, the flux density, or which is the 
same thing numerically, the magnetic force, at any point 
distant r centimetres from the wire, is inversely pro- 
portional to r. It can also be shown that the magnetic 
flux density at any point is proportional to the current 
in the wire. The magnetic flux density, or magnetic 
force, at any place r centimetres from the wire, is numeri- 
cally equal to twice the value of the current (in absolute 
or C.G.S. measure) divided by the distance r. 

If a magnetic pole is placed, therefore, at any point 
in the neighbourhood of a straight current, it will be 
acted on by a mechanical force tending to make it re- 







Fig. 34. — Relative Direction of Magnetic Flux and Current in the 
case of a Straight Conductor conveying the Current. 

volve round the conductor in a circle. This mechanical 
force reckoned in dynes is numerically equal to the 
product of the strength of the pole and the flux density 
or magnetic force at the spot where this pole is held. 

To show this experimentally requires special devices. Since 
in a magnet the North pole and South pole are inseparable, 
the North pole tends to revolve round the current in one direc- 
tion and the South pole in the other. The only way to get out 
of the difficulty is to take off the current in the middle of the 
magnet. Let a couple of bar magnets N S, N S (see Fig. 35) 
be thrust through a cork f, and let a bent steel wire tf ^ be put 
through the cork, so that one pomt rests in a little depression 
or cup filled with mercury, made in the top of a straight brass 
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lod B, and the other end of the steel wire dips into a circular 
channel, made in a ring R of cork or wood embracing the mag- 
nets, and which channel is filled with mercury. Then send a 
strong electric current up the brass rod, and out of the circular 
channel of mercury. The two similar bottom North poles of the 
magnets will begin to revolve round the current in the straight 
conductor. The upper or South poles, having no current to affect 
them, do not hinder their fellows from rotating. 



trough of ling shape witb V groove in the npper edge. 

If a unit pole is compelled to move round the 
straight conductor, conveying a current in a circle of 
radius r centimetres, in the direction opposite to that in 
which the mechanical force would move it if it were free. 
then work is done on the magnetic pole. The length 
of the path through which the pole is moved in each 
revolution is 

2vr (= 2 X 3-1416 >c r) 
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and the mechanical force against which it is moved is 

2 C 

— dynes where C is the magnitude of the current. 

Hence, the work done on taking the pole once round 
the current, is 

2 C 
2irr X — =47rC = 4X3* 1416 x C. 



It will be seen that this work is independent of the 
distance of the pole from the current. Hence we have 
this important proposition : The work done in taking a 
unit magnetic pole once round a current in a closed 
path — no matter what path it follows — is equal to 4 tt 
(7rn=3- 1416) times the total electric current through the 
path. 

The student will see that this obtrusive numerical quantity 
4 IT again makes its appearance in a physical equation. If the 
unit magnetic pole selected is a rational unit magnetic pok^ as 
explained in Chapter III., and if the unit of work is one erg, 
then it is clear that the unit of current can be so chosen that the 
number representing the work done in ergs, in taking a unit 
rational magnetic pole round the current, is the numerical 
measure of the current. In other words, the current is mea- 
sured by the work done in taking a imit pole once round it. 
The above unit of current would be called a rational unit 
current, 

§ 7. C.G.S Absolute Unit Current. — If a wire is 
bent into a circle and laid horizontally, and if a current 
is sent through the wire, the magnetic flux at the centre 
of the circular conductor will be in a vertical direction. 
The magnitude of the magnetic flux density or magnetic 
force at the centre of the circular current can be shown 
to be numerically equal to the value of 2 tt times the 
strength cf the current in absolute or C.G.S. units di- 
vided by the radius of the circular conductor reckoned 
in centimetres. In other words it is proportional to the 
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length of the circuit, the current in the circuit, and in- 
versely as the square of the radius of the circular circuit. 

Imagine a very long magnet, with poles of unit 
strength, hung vertically with its North pole in the 
centre of a circular conductor having a radius of one 
centimetre, so that the magnetic field of the circular 
current acts only on the North pole. Let a current 
be passed through this circular conductor in such a 
direction that it tends to lift or repel the unit North 
pole with a mechanical force of 6*2832 dynes — that is 
to say, let every unit of length of the circular current 
act with a unit of force on a unit magnetic pole ; then 
the whole circumference of the circular current will act 
with a force of 2 7r dynes (= 6*2832 dynes) on the unit 
North pole. A current having this magnitude is called 
an absolute unit of current on the C.G.S, system. This 
absolute unit of current is equal to 10 amperes. 

The magnetic force, or flux density, at the centre of a 
circular current of one turn, and having a radius r cen- 

timetres, is units, or units, according as the 

r lor 

current is measured in absolute C.G.S. units (C) or in 
amperes (A). This magnetic force is numerically of 
the same value as the mechanical force on a unit mag- 
netic pole held at the centre of the circular current. 

Starting from this fact, we can construct what is 
called an absolute tangent galvanometer for measuring 
electric currents in the following way :— 

Let a wire be bent into a circle of one turn, and let it 
have a radius of (say) 50 centimetres. In the centre of 
the circle hang a very small magnetic needle, and let the 
plane of the circle be the direction of the magnetic 
meridian of the place. Let H be the value of the 
earth's horizontal magnetic force at that spot. Pass a 
current through the circular conductor : it will cause the 
needle to be deflected through an angle (call it 0) from 
the meridian. Then, as explained in § 2 of this chapter, 
the tangent of the angle 6 is the ratio of the magnetic 
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force due to the coil to the earth's horizontal magnetic 
force. The magnetic force due to the coil is equal to 

C.G.S. units, where A is the current in amperes 

\0r 

flowing through the circular conductor and r is the 

radius of the conductor in centimetres. Hence 

27r A 
tan 6 = lor 

or, A = — ^ H tan ft 

27r 

Therefore, if we know the value of r in centimetres, and 
the value of the earth's horizontal force in C.G.S. units, 
we can determine the value of the current in amperes 
from the observed deflection of the needle. Thus, since 
H= '18 (nearly) in England, if the circular coil had a 
radius of 50 centimetres, and the deflection of the needle 
was observed to be 45° (tangeiit 45°= i), we should know 
that the value of the current producing the deflection was 

10 X 50 ^ -18 X. I = 14*3 amperes. 
2 X 3*1416 ^ 

In this manner a current may be measured in am- 
peres, if the value of the earth's horizontal magnetic force 
H * at that spot is known. 

• For the method of measuring this quantity, see Appendix. 
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CHAPTER VI. 

ELECTROMAGNETIC INDUCTION. 

§ I . Faraday's Discovery of Electromagnetic In- 
duction. — In the autumn of 1831, Faraday made a dis- 
covery of far-reaching importance, and which has formed 
the foundation of much which has since been accom- 
plished in electrical invention. He discovered that if i 
conducting circuit is traversed by magnetic flux, any 
change in the total amount of this flux passing through 
the circuit creates in that co-linked conducting circuit an 
electromotive force. Thus, the movement of a conducting 
circuit in a field of magnetic flux, is sufficient to set up in 
it a current, provided the movement is such as to change 
the total amount of the flux passing through the circuit. 
The fundamental facts can be best illustrated as fol- 
lows. Let the student take the ring coil described on 
p. 108 and connect it by long and rather thick wires to 
a mirror galvanometer. The galvanometer should be 
placed at such a distance from the coil that the presence 
of a bar magnet will not disturb its indications. Place 
the coil, as in Fig. 36, close to the North pole of the 
magnet. In this position, magnetic flux proceeding 
from the North pole passes through the ring coil, and the 
lines of the flux are said to be linked with the conducting 
circuit. (See Fig. 37.) As soon as the galvanometer 
needle has come to rest, move the coil quickly away 
from the pole to a place farther off*. It will be seen that 
the galvanometer needle makes a sudden deflection, and 
then returns to rest. This indicates the passage of a short 
or transient current through the galvanometer in one 
direction. In the next place, move the coil back to its 

L 2 
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original position. The needle will make a single swing 
in the opposite direction. By placing against the tongue 




a small piece of zinc and a silver coin, attached to the 
leading wires of the galvanometer, the student should de- 
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termine the direction of the current which, when passing 
through the galvanometer, causes it to deflect in either 
direction. It will then be easy to determine the direc- 
tion in which the current was set flowing in the ring coil, 
when it was moved from or to the magnet, and it will be 
found that, looking at the ring from the same side as that 
on which the North pole of the magnet is situated, the 
current induced in the ring coil flows round it clockwise^ 
or in the same direction as the hands of a clock rotate, 
when the ring is moved from the North pole ; and 
counter-clockwise when it is moved to the North pole. 

The followmg rules must then be stored up in the 
memory : — - 

The positive direction of rotation is the direction 
opposite to that in which the hands of a clock appear to 
rotate, or counter-clockwise rotation is positive rotation, 
(See Fig. 38.) 

The positive direction along a line of magnetic flux 
is the direction from the North pole to the South pole, 
through the space outside the magnet. Hence magnetic 





Fig. 38. 

Magnetic Flux put in creates Magnetic Flux withdrawn 

positively directed electric creates negatively directed elec- 

current. trie current. 

flux is said to come out from a North pole, and is always 
considered as proceeding from that pole. Then the 
student must remember, that if magnetic flux is put into 
or linked with an electric circuit, it creates a positively 
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directed current round that circuit, as seen from the side 
at which the flux enters the circuit. Similarly, if mag- 
netic flux is withdrawn from a circuit, or unlinked from 
it, it creates in it a negatively directed current, as seen 
from the side of the origin of the flux. The reader will 
be able to fix these directions in his memory by looking 
at the diagram in Fig. 38. Let him place in front of 
himself a ring circuit, and imagine the front part of his 
body to be a North pole, then thrust the right hand 
through the circuit, to imitate a line of magnetic flux 
being put into the circuit. Give the hand a twist or screw 
in the opposite direction to that in which you twist it in 
putting a corkscrew into a cork, that is, give it a left- 
handed screw-twist ; the relation of the thrust to twist of 
his arm will then be that of the positive direction of the 
line of flux put intOy and the direction of flow of the in- 
duced current round, the ring coil. The current thus 
created in the ring coil is called an induced current, and 
the electromotive force causing it is called the induced 
electromotive force. 

In the next place, note that the strength of the 
current, and therefore the magnitude of the induced 
electromotive force, is dependent upon the rate at which 
the coil is moved. Repeat the experiment just described ; 
in the first place move the coil from a position far from 
the pole to a position nearer to the pole very quickly, 
and in the next place move it very slowly. It will be 
seen that, corresponding to the quick movement of the 
coil from one place to the other, the galvanometer 
needle makes a large swing, but that if the ring coil is 
moved slowly enough, the galvanometer needle hardly 
moves at all. This shows us that the induced electro- 
motive force set up in the circuit essentially depends 
upon the rate at which the magnetic flux is inserted into, 
or removed from, the electric circuit. In the third place, 
the reader should verify the fact, that it is not every 
movement of the ring coil which sets up.in it an induced 
electromotive force. Place the coil edgeways to the 
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magnet, and move it from a place near the magnet pole 
to a place farther away, and it will be found that this 
may be done quickly or slowly and yet it will not cause 
any induced current in the ring. 

By many elaborate experiments of the kind, Faraday 
established two principal facts : firstly^ that the induced 
electromotive force is only created in the ring coil when 
it SQ moves in a field of magnetic flux that there is a 
change in the total amount of the magnetic flux passing 
through it or linked with it ; and secondly, that when the 
total amount of the flux does change, the electromotive 
force set up in the ring is at any instant numerically 
measured by the rate at which the magnetic flux, linked 
with the ring circuit, is changing. 

Before proceeding further, we must define more ex- 
actly the mode of measurement of the quantities with 
which we are dealing. 

The rate at which a quantity is varying may always 
be represented by the length of a straight line. Thus, 
for instance, consider a railway train leaving a station and 
getting up speed. 

At any instant we can say that the rate of the train 
is so many miles per hour. Meaning by that, that if the 
train continued to move uniformly at the same speed it 
has at that instant, it would in one hour pass over the 
stated number of miles. 

Let the height of the dotted lines in Fig. 39 represent 
the rate at which a train is moving at the end of every 
minute or 6oth part of an hour, starting from rest. 

At the end of the 3rd minute, suppose it moving at 
the rate of 10 miles an hour, and at the end of the 4th 
minute, let it be moving at the rate of 12 miles an hour. 
Its mean rate during the 4th minute is ii miles an hour, 
and the space it passes over during the 4th minute is 
obtained by multiplying the mean rate per hour by the 
time in fractions of an hour, viz. g^yth, during which it has 
so moved. Hence in the 4th minute, the train moves 
II X ^ of a mile. This product also represents the area 
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or slice (cross hatched) of the curve, bounded by the lines 
drawn to represent the rate of the train at the beginning 
and at the end of the 4th minute. A little consideration 
will show, that if the ordinates or vertical lines, the tops 
of which define the curve, represent to some scale the 
rate at which the train is moving, at times represented 
by the lengths marked off on the horizontal line, then 
the whole area bounded by the curve, the base line, and 
the extreme ordinates, will represent the total distance 
moved over by the train in that whole time. 



Q t % 3 4 6 6 'J 6 d 10 

Fig. 39. — Velocity Curve. 

Suppose, then, such a diagram to be drawn, the 
vertical lines in which represent, to a certain scale, the 
rate at which the magnetic flux is being taken out of, or 
put intOy a ring coil or circuit, moved in that field, at 
different instants. It is evident that the total area of the 
diagram will represent the whole change which has been 
made in the magnetic flux passing through the circuit by 
that movement. 

To fix our ideas, let us suppose that the flux passing 
through the circuit is 100 units at the instant of starting 
the movement of the ring coil, and that the ring coil is 
moved away from the magnetic pole in such a way that 
in each one-hundredth of a second of time one unit of mag- 
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netic flux is taken out of the circuit ; so that at the end 
of the first one-hundredth of a second there are 99 units 
of flux linked with the coil, at the end of the second one- 
hundredth of a second there are 98 units of flux linked 
with it, and so on. Then the rate at which the flux is 
removed is uniformly one unit of flux per one-hundredth 
of a second, or 100 units of flux per second. Hence the 
total flux of 100 units is removed in one second. In the 
above case the diagram will simply be a rectangular 
area, the equal vertical ordinates representing the equal 
rate at which the flux is being removed in each instant 
The altitude of the rectangle must be taken to represent 
100, viz. the rate of one unit of flux per one-hundredth 
of a second, or 100 units per second ; and the horizontal 
base of the rectangle must be taken to represent one, viz. 
one second. The whole area of the rectangle is then 
100 X I = 100, and this number represents the total flux 
removed from the circuit by the motion. 

By Faraday's law the rate at which the flux is being 
removed from the circuit is the measure also of the in- 
duced electromotive force set up in the circuit ; and, 
since by Ohm's law the electromotive force is numerically 
equal to the product of the current and resistance, each 
vertical ordinate of the above described curve must re- 
present the product of the whole resistance of the circuit 
and the current flowing in it at that instant If the 
current endures for a time represented by the horizontal 
line, and has always an unvarying value, the product of 
the current strength reckoned in amperes, and the time 
during which it lasts reckoned in seconds, gives us the 
value of the Ma/ quantity of electricity^ measured in 
coulombs, which has flowed past any section of the 
conductor in that time. The quantity conveyed by one 
ampere in one second past any section of the circuit is 
called one coulomb. Even if the current is not unvarying, 
nevertheless if a diagram is drawn the vertical ordinates 
of which represent the current in amperes in a circuit at 
the instants represented by the length of the correspond- 
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ing horizontal distances from a datum point, taken to 
represent time, the whole area of this diagram bounded 
by the curve, the base line and the extreme ordinates will 
represent the whole quantity of electricity measured in 
coulombs which has moved past any section of that circuit. 
Thus, if one centimetre of height in the vertical ordinates 
represents one ampere, and one centimetre of length re- 
presents one second, then one square centimetre repre- 
sents one coulomb, and the number of square centimetres 
in the area represents the total quantity of electricity in 
coulombs set flowing round the circuit. A little con- 
sideration, then, will make it clear that the area of the 
diagram drawn as described represents two quantities 
which are equal to one another, viz. the total magnetic 
flux removed from the circuit, and the product of the 
resistance of that circuit, and total quantity of electricity 
in coulombs which has flowed round that circuit. 

Since the practical unit of electric quantity is one 
coulomby it is easily seen that, to make our units consistent, 
we must take as the practical unit of magnetic flux that 
flux which, if removed from a conducting circuit having 
one turn and a unit resistance, sets flowing one coulomb 
of electricity round it. 

If, for the sake of simplicity, we consider that the 
resistance of the circuit is one ohm, then we see that 
any movement of the circuit which changes the amount 
of the magnetic flux passing through the circuit also sets 
in motion a quantity of electricity flowing round the 
circuit of equal numerical value. 

In reckoning what we have called above the whole 
area of the circuit, we must take the product of the 
mean area of the ring coil as seen by the eye, and multiply 
it by the number of turns in the ring coil ; because, if 
there are (say) ten turns in the coil, then the total mag- 
netic flux which passes through the opening of the ring 
is really linked ten times with the circuit. If the reader 
has any difficulty in seeing this, let him take a red ribbon 
or tape, and coil it into a circuit of two turns, and fasten 
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the ends together. Let this represent an electric circuit 
of two turns. Then pass through the aperture of this 
circuit a blue tape to represent the magnetic flux, and 
join the ends together. Next open up the red tape into 
one large circuit of one turn, and let the blue tape take 
care of itself. It will be found that the blue tape is now 
twice linked with the red one. 

Hence, if a stream of magnetic flux passes through 
an electric circuit or coil of 100 turns, it is as good as 
linked I GO times with it. Therefore, the total linkage 
of the flux with the circuit is obtained by multiplying 
the apparent area of the circuit by the number of 
turns of the circuit, and by the mean magnetic flux 
density over the apparent area of the circuit 

We have then the following definition of what is 
meant by a unit of magnetic flux : — 

A unit of magnetic flux is that amount of magnetic 
flux which, if linked or unlinked once, with a circuit of 
one turn haviftg a resistance of one ohm, sets flowing round 
it a quantity of electricity equal to one coulomb. 

This unit of magnetic flux is called one weber. 

No magnetic flux yet practically produced, has so 
great a value as one weber. The practical unit taken 
is therefore one millionth part of this, or one microweber. 

If the student has been accustomed to think in 
C.G.S. units, or to speak of magnetic flux density as so 
many " lines of force " per square centimetre, then he 
must remember that one microweber is lOO C.G.S. units 
of flux or so-called " lines of force." 

The practical electrical units are so chosen as to 
make them all consistent with one another. 

Thus, a magnetic flux of one weber, if removed uni- 
formly from a circuit of one turn in one second, will set 
up in that circuit an electromotive force of one volt. 

If a magnetic flux of any number of webers is ab- 
stracted from or inserted into a circuit of any number 
of turns or linkages, then the result is to set flowing 
round the circuit a quantity of electricity measured in 
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coulombs, which is related to the whole resistance of 
the circuit measured in ohms by the rule — 

Webers x linkages = coulombs X ohms ; or 
microwebers X linkages = microcoulombs x ohms, 

§ 2. Measurement of Magnetic Flux. Ballistic 
Qalvanometer. — In order that we may be able to 
measure magnetic flux, we require, therefore, some 
method of measuring electric quantity in coulombs or 
microcoulombs. 

This is done by means of a ballistic galvanometer, 
A ballistic galvanometer is one so constructed that 
its magnetic needle is very little retarded in its move- 
ments, and which, moreover, has a very long period of 
swing. 

This is done by weighting the needle, so as to make 
it take cit least four or five seconds to make one com- 
plete vibration to and fro, if disturbed. The reader will 
find it best not to alter the mirror galvanometer he may 
have already made in accordance with the instructions 
in Chapter IV., but to make another galvanometer on 
a similar plan, but with a very long fine wire circuit, 
made with about half a pound of No. 36 covered copper 
wire, and a needle with a mirror not more than a 
quarter of an inch in diameter. When the magnetised 
needles have been fixed to the back of the mirror, the 
whole system should be weighted with little discs of 
tin foil fastened on the back until, when suspended by 
the cocoon fibre, it has a period of swing of about four 
seconds. 

In constructing the * needle ' of the galvanometer, it is not 
well to stick the magnetised needles directly on the back of the 
mirror with shellac, because such a procedure nearly always 
warps the mirror out of shape. A small disc of very thin 
aluminium should be prepared of the same size as the mirror,, 
but in cutting it out, three little lugs should be left, afterwards to 
be turned over and hold the mirror. The little fragments of 
magnetised watch spring, can be cemented to the back of this 
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aluminium disc by stiff shellac varnish, and when this is hard, ' 
the mirror of thin silvered glass is affixed by placing it on the 
side of the aluminium disc opposite to that on which the mag- 
nets are fixed, and then bending over the little projecting lugs 
so as to hold the mirror gently. The cocoon fibre is then 
added last of all, to suspend the whole system. 

A galvanometer of this kind, having a needle with 
long periodic time, and but little retarded in its vibrations, 
is called a Ballistic Galvanometer^ and is employed to 
measure quantity of electricity. If an electric current of 
very short duration is sent through such a galvanometer, 
the duration of the current being small compared with 
the periodic time of the needle — that is to say, if the 
discharge is all over before the needle has had time 
to move far from its position of rest — then the needle, 
will receive an impulse or blow, which will cause it to 
make a quick swing to one side. It can be shown that 
the extent of the first swing, excursion or " throw " is 
proportional to the quantity of electricity, measured in 
coulombs or microcoulombs, which passed through the 
galvanometer. A ballistic galvanometer is said to be 
calibrated, when we know the swing of the needle caused 
by the passage through the galvanometer coil of one 
microcoulomb. 

In order to calibrate it we require two other coils of 
wire — one for making a Standard Magnetic Flux^ called 
a Standard Primary Coil^ and one for gathering up a 
known quantity of this flux, called a Standard Secondary 
Coil These coils are constructed as follows ; — 

Procure a long pasteboard tube, such as are used for sending 
drawings by post. This should be about one metre long and 5 
centimetres in diameter. On the ends of this tube, glue square 
pieces of hard wood, having holes cut in them of the same 
diameter as the tube. These * cheeks ' may be 4 inches square 
and J an inch thick. When finished measure carefully in centi- 
metres the length of the tube between the cheeks. Wind on 
this tube two layers of No. 16 double cotton-covered copper 
wire, closely and carefully wound. Count the number of turns 
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of this wire, and bring out the ends to terminals fixed in one 
cheek. Mark on the tube the number of turns per centimetre 
of length of the tube ; that is to say, the whole number of turns 
(which should be about 800) divided by the length in centimetres, 
and the result should be about 3. The student has already 
learnt that, if an unvarying current is sent through the wire of 
such a long coil, it will make a very uniform magnetic field in 
the interior. In the next place, procure a round rod of hard 
wood I J inches in diameter and 12 inches long. Measure 
carefully the mean diameter of the rod in centimetres, taking 
the mean of a number of measurements. Then wind on this 
rod one layer of No. 32 silk-covered copper wire laid on perfectly 
uniformly. Count the total number of turns, and bring out the 
ends to terminals fixed in the ends of the wooden rod or coil. 
Mark on both coils the length of the coil and the number of 
turns, and, in the case of the second coil, the total area of all 
the windings. This last number is obtained by taking the 
mean diameter of the wooden rod, added to the thickness of 
No. 32 covered wire, and finding from the tables the area of 
a circle of this diameter. Then multiply the number repre- 
senting this area, reckoned in square centimetres^ by the number 
of turns of the wire, and it gives the total area enclosed by all 
the windings measured in square centimetres. Let this be called 
the total area of the secondary coil. 

If a constant electric current of known strength in 
amperes is sent through the long primary coil just de- 
scribed, it creates a magnetic flux in the interior of the 
coil, the density of which in C.G.S. units is equal to one 
and a quarter times the ampere-turns per centimetre length 
of tJte coil.* Let the reader then note that the product 
of the number of turns of wire on a coil, and the value of 
the current in amperes sent through it, is called the 
ampere-turns of that coil. If the number representing 
the ampere-turns on the coil is divided by the length of 

♦ The factor one and a quarter which comes in here is equal to ~ • 

10 

The 4ir comes into the formula because of the use of irrational units, and 
the 10 because we have to divide by 10 to 'reduce currents measured in 
amperes to the same in C.G.S. units. 
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the coil in centimetres, we obtain the ampere- turns per 
centimetre. 

Since the practical unit of magnetic flux, viz. the 
microweber, is equal to 100 C.G.S. units of magnetic 
flux or induction, we have the following important rule 
for determining the magnetic flux density in the interior 
of a long straight bobbin of wire, traversed by a con- 
tinuous current. 

TJie magnetic flux density in the interior of the coil, 
measured in microweber s per square centimetre^ is equal to 
one-eightieth part of the ampere-turns on the coil per centi- 
metre of length. 

Or, if C.G.S. measure is used, then the rule is — 

The magnetic flux density ^ or the induction in C.G.S, 
unitSy in the interior of a long solenoidy is equal to one and 
a quarter times the ampere-turns per centimetre of length 
of the coil. 

Since 2*5 centimetres very nearly make one inch, or 
\\ centimetres are equal to half an inch, the above rule 
may be stated also as follows : — 

The magnetic flux density in C.G.S. measure^ in the in- 
terior of a long solenoid with air core^ is measured by the 
ampere-turns per half inch of the coil length. 

The above rules only apply if the material filling 
and surrounding the coil is air, or non-magnetic mate- 
rial, that is if the magnetic flux lines pass everywhere 
through a material of unit permeability or reluctivity 
in their course. These rules give the interior flux 
density over about three-quarters of the length of the 
coil, but do not give its value quite near the open ends. 

If, then, the long primary coil, prepared as above 
described, is joined in series with the standardised tangent 
galvanometer, and with a battery of cells, we have the 
means of making a magnetic flux the density of which, 
in a particular region, can be exactly calculated. This 
constitutes a standard magnetic flux. 

In the next place, let the secondary coil be placed in 
the interior of the primary coil, and let the secondary 
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coil be connected by long wires with the mirror ballistic 
galvanometer. This last nriust be placed so far away 
from the primary coil as not to be disturbed by the 
direct magnetic effect of the latter. 

When the standard magnetic flux is produced in the 
interior of the primary coil, if we place in that interior 
the secondary coil, some of this flux is linked with the 
turns of the secondary coil, and the total amount of 
magnetic flux so linked is measured by the product of the 
magnetic flux density in the interior of the primary coil, 
and the total area of all the windings of the secondary 
coil. Hence the secondary circuit includes, or is linked, 
with a known magnetic flux. 

If the primary current is now stopped all this flux 
disappears, and a known total flux is withdrawn from, 
or unlinked from, the secondary circuit. The galvano- 
meter will then make a "throw," or deflection, which 
must be observed. The whole resistance of the secondary 
circuit, measured in ohms, must then be taken in the 
way described in the chapter on electrical measurements. 
We have then a known magnetic flux density reckoned 
in microwebers per square centimetre, linked with a 
circuit of known total area in a known number of link- 
ages, and having a known total resistance. Hence, by 
the rules microtvebers X linkages = microcoidombs X ohms^ 
we can calculate the whole quantity of electricity in 
microcoulombs, sent through the galvanometer. Corre- 
sponding to this, we have the observed throw or deflec- 
tion of the galvanometer needle. We can therefore 
calculate the galvanometer ballistic constant^ that is to 
say, the deflection which would be given by the passage 
through the galvanometer of one microcoulomb. For, in a 
galvanometer of this kind, it can be shown by experi- 
ment that the " throw " or deflection of the needle is 
exactly proportional to the quantity of electricity which 
causes it. The student may easily prove this for him- 
self. All that is necessary is to send different measured 
primary currents through the primary standardising coil, 
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and then observe the ballistic galvanometer "throw** 
when these primary currents are stopped. We know in 
this case that the galvanometer is traversed by quantities 
of electricity which, in the different experiments, are 
proportional to the strength of the primary currents. 
Hence, if the observed value of the scale deflection of 
the galvanometer is divided by the measured value of 
these primary currents, we shall obtain quotients which 
in every case are nearly the same. Every ballistic gal- 
vanometer has therefore its ballistic constant^ enabling us 
to measure by it quantity of electricity in microcoulombs, 
just as every tangent galvanometer has its deflection 
constant^ enabling us to measure by it current strength in 
amperes. For if we know the current in amperes which 
causes in a tangent galvanometer a deflection of 45°, or 
angle whose tangent is unity, then we can tell the current 
reckoned in amperes producing any other observed de- 
flection. Similarly, if we know the " throw " or excursion 
of the needle of the ballistic galvanometer corresponding 
to the passage of a microcoulomb of electricity through 
it, we then know the quantity producing any other ob- 
served " throw." 

§ 3. Induced Electric Currents. — Returning, then, 
to the subject of electro-magnetic induction, the student 
should notice that if a secondary coil is connected to a 
galvanometer, and if a primary solenoid is brought up 
towards the secondary coil, the primary coil being 
traversed by a current, we obtain inductive effects of 
the same character in the secondary coil that we did 
when employing a permanent magnet. Placing, for 
instance, the ring coil already described in connection 
with the galvanometer, bring up towards it a primary 
solenoid traversed by a current in such a direction as to 
make the forward end a North pole. It will be found 
that in every respect the galvanometer needle acts just 
as if the solenoid were replaced by a bar magnet held 
with its North pole towards the ring coil. If we regard 
the ring coil from the side at which we -hold the magnet 

M 
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or solenoid, then it will be found that the following state- 
ments hold good : — 

(i) Moving the North pole of the bar magnet or 
North pole of the solenoid or coil towards the ring coil, 
creates a counters-clockwise induced secondary current in 
the ring coil. 

(2) Drawing the North pole of the magnet or North 
pole of the solenoid away from the ring coil, creates a 
clockwise induced secondary current in the ring coil. 

(3) Holding the solenoid or primary coil with the 
North pole just inside the ring coil, and stopping the 
primary current in it, creates an induced secondary 
current in the clockwise direction in the ring coil. That 
is to say, stopping the primary current has just the 
same effect as withdrawing the primary coil. 

(4) Holding the primary coil with one end just inside 
the ring coil, and starting the primary current in it in 
such a direction as to make that end a North pole, creates 
an induced secondary current in the ring coil in the 
counter-clockwise direction, that is to say, in the same 
direction as if the solenoid traversed by the same current 
had been brought up suddenly to the ring coil. 

If the student thoughtfully examines all these different 
cases, he will see that in every instance the guiding prin- 
ciple which determines whether a secondary current is 
produced or not, is the ascertained fact that, inserting 
or withdrawing magnetic flux into, or from, a secondary 
circuit, always creates an induced electromotive force in 
that circuit, provided that the change alters the total 
magnetic flux, or, in common parlance, ' the number of 
lines of magnetic force,' linked with the secondary 
circuit. 

Hence we can sum up the whole of the facts in one 
general law, called Faraday's Law of Induction, which is 
as follows : — 

If there be any conducting circuity called a secondary 
circuity which is placed in afield of magnetic flux, and if 
any change is madey either by motion of or alteration in 
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size of the secondary circuity or by change in the strength 
or direction of the magnetic fields which alters the total 
amount of the magnetic flux linked with the secondary 
circuit ; then an electromotive force is set up in that 
circuity which in magnitude at any instant is measured by 
the rate at which the total linkage of the magnetic flux 
zvith the secondary circuit is being changed. 

The direction of the induced electromotive force is 
determined by another general principle. If a coil, 
such as the above-mentioned ring coil, is traversed by a 
continuous current, then, if we picture to ourselves the 
current flowing in the wire, that side or face of the ring 
coil at which we must look, to see in imagination the 
current rotating in the opposite direction to the hands 
of a watch, acts in every respect like a North magnetic 
pole. It is easy to test this fact by a small exploring 
magnetic needle, and to prove that the ring coil traversed 
by a current is in fact a very short magnet, having one 
face a North pole and the other a South pole. 

An excellent way to make evident the magnetic 
power of such a circular current, is to construct a circu- 
lar coil of about twenty turns of No. 20 cotton-covered 
copper wire, in the form of a flat ring coil three inches in 
diameter. This coil is then fixed on the top of a, large 
flat cork or bung. 

Through the cork is then pushed a small rod of amal- 
gamated zinc, and one of electric arc-light carbon, and 
the ends of the windings of the coil fastened to the top 
of these rods as in Fig. 40. 

In order to attach a copper wire securely to a carbon rod, 
the rod has first to be ekctrotyped. For this purpose, prepare a 
saturated solution of sulphate of copper, and place the end of 
the carbon rod about half an inch deep in this solution. Place 
also in the solution, but not touching the carbon, a small copper 
plate. Connect the carbon and the copper to the terminals of 
a voltaic battery of three or four cells, the carbon being con- 
nected to the negative pole of the battery. Leave the arrange- 
ment for a few minutes. At the end of that time a thin deposit 
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of copper will have been made on the end of the carbon rod. 
Take out the rod and dry the coppered end. Then tin it by 
dipping it into melted solder. It will then be found easy to 

solder a wire to the coppered end 
of the carbon rod. 

Rods of hard carbon suitable 
for this experiment are used for 
electric arc lamps, and are called 
arc lamp carbons. Usual sizes are 
9 to 15 miUimetres in diameter. 

The coil and carbon-zinc 
rods are then floated on the 
surface of a solution of bichro- 
mate of potash and sulphuric 
acid, or bichromate battery 
solution (see p. 10), contained 
in a large basin. The copper- 
zinc couple then acts as a 
single voltaic cell, and sends a 
current through the circular 
coil of wire. This current 
Fig. 40.— Floating Zinc-Carbon Aows from the end attached to 
Cell and Ring Coil. the carbon, through the wire, 

to the end attached to the 
zinc. The cork being perfectly free to move, the coil can 
turn round in any way. Hold the North pole of a per- 
manent magnet towards the floating coil. It will be 
found that the coil turns itself round, so as to place its 
South face towards the North pole of the magnet, and 
then is attracted towards the magnet. If the South pole 
of the magnet is presented to that same face, the circular 
coil is repelled. Then it recedes, turns right about face, 
and presents its North face to the South pole of the 
magnet, and is again attracted. 

If we substitute for the permanent magnet another 
similar ring coil, carrying a strong continuous electric 
current, we can easily convince ourselves that when the 
two coils are so placed parallel to each other that the 
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currents in them are flowing in the same direction the 
coils attract each other, but when the currents are flowing 
in opposite directions the coils repel each other. 

Returning then to the consideration of the direction 
of the induced current set up in a circular coil by moving 
a magnet pole towards the coil, the general principle 
governing the direction of the induced current is as 
follows : — 

The secondary current or induced current is always 
in such a direction that it tends to oppose the motion of 
the magnet pole or solenoid creating it. Hence moving 
a North pole towards a coil induces a counter-chckwise 
current in it, because a current in the coil in that direction 
makes the coil-face opposed to the magnet a North face, 
and therefore tends to repel the advancing North mag- 
netic pole or resist its motion. 

The same fact governs the direction of the secondary 
or induced current created in one circular coil by another 
similar coil placed over it. If a primary current is 
started in one coil, it tends to make a secondary current 
in the opposite direction in the other or secondary coil, 
because oppositely directed currents in two parallel 
conductors cause the conductors to repel each other. 
Similarly, on stopping the primary currents, there is 
created a transient secondary current in the same direc- 
tion as the primary one. 

These facts regarding the direction of the induced 
currents created by starting or stopping a primary' current 
may best be remembered by imagining two long wires 
stretched parallel to each other. Let one be brought 
round so as to form a closed circuit and be called the 
Secondary circuit, and let the other, called the Primary 
circuit be traversed by a continuous current which can 
be started or stopped. 

Then starting the primary current creates an oppo- 
sitely directed transient electric current in the secondary 
circuit, generally called the " inverse induced current." 
Stopping the primary current creates a similarly direct*^ 
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transient electric current in the secondary circuit, called 
the " direct induced current." 

Two circuits so arranged are said to exert mutual 
induction on each other. If instead of starting or stop- 
ping the primary current in its wire, we keep the primary 
current constantly flowing in one direction, and move 
the primary circuit parallel to itself up to the secondary 
circuit, then the advancing primary current induces or 
creates an oppositely directed or repelling secondary 
current, and a retreating primary current creates or 
induces a similarly directed or attracting secondary 
current. These secondary currents only last as long 
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as the motion or change of the primary current lasts. 
The two secondary currents, direct and inverse, are 
equal in total electric quantity, but may be very different 
in maximum current strength. 

If we take a horizontal line on which to mark off 
distances representing timey and set off perpendicular 
distances representing currents, then we can graphically 
represent the action of a primary current on a secondary 
circuit as follows. Let the ordinate or height of the 
bottom curve in Fig. 41 represent the strength of a 
primary current beginning gradually, growing up to a 
constant strength, and then after a time gradually stopped 
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or reduced to zero. In an adjacent parallel secondary 
circuit, the inverse and direct induced secondary currents 
can be represented by the two curves in upper part of 
Fig. 41. The inverse secondary current at starting the 
primary, is a short wave of current lasting only so long 
as the primary is increasing in strength, and in the oppo- 
site direction to the primary current. 

The direct secondary current at stopping the primary, 
is a short wave of current in the same direction as the 
primary current. The total areas included by the 
secondary curves are equal, but the maximum value 




Fig. 42. — Lines of Magnetic Flux from a Primary Coil P traversing 

a Secondary Coil S. 

of the direct induced current is generally greater than 
that of the inverse induced current. 

If a primary and a secondary circuit are placed in 
the neighbourhood of one another, and if a steady cur- 
rent is passed through the primary circuit, the student 
must picture to himself some portion of the magnetic 
flux produced by and surrounding the primary current, 
as linked with the secondary circuit (see Fig. 42). Cor- 
responding to the flow of one ampere through the 
primary circuit, there will be a certain total magnetic 
flux linked with the se(iondary circuit This total link- 
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age must be understood to mean the total magnetic 
flux passing through the secondary circuit, and is, there- 
fore, measured by the product of the number of turns 
on the secondary circuit, and the flux through the 
apparent aperture or area of the secondary coil. If 
there is no iron or magnetic material in or around the 
coils, then the total magnetic flux passing through the 
secondary circuit will be proportional to the strength 
of the primary current, assuming the position of the 
coils to remain unchanged. 

§ 4. Mutual Inductance. The Henry. — The total 
magnetic flux due to the primary coil, which is linked 
with the secondary coil, when one ampere traverses the 
primary coil, is called the Mutual Inductance of the two 
coils, and is measured in terms of a unit called one 
Henry, The mutual inductance of two coils is said to 
be one Henry when the passage of one ampere through 
one coil causes a total magnetic flux of one weber to be 
linked with the secondary coil. 

The mutual inductance of two coils changes with 
every change in position of the coils, but if the coils 
are not wound on iron cores, or if no iron is near, then 
the mutual inductance in any given position is a con- 
stant quantity, in that the total magnetic flux through 
the secondary circuit, per ampere of current through 
the primary coil, has value which is independent of the 
strength of the primary current. If, however, the coils 
are wound on iron cores, or have iron near them, then 
the mutual inductance of the coils cannot be defined 
in quite so simple a manner. It is then defined to be, 
the ratio between the electromotive force set up in the 
secondary circuit at any instant, and the rate at which 
the primary current producing it is changing in strength. 
This ratio is not constant, but is different for different 
absolute values of the primary current. 

§ s. Conductors cutting Magnetic Flux. Fara- 
day's Disc— Returning, then, to the subject of induced 
electrpmotive force, let the ring coil above described be 
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placed in front of a bar magnet, with its plane perpen- 
dicular to the axis of the magnet. In this position wc 
must think of a certain group or bunch of the lines of 
magnetic flux proceeding from the pole of the magnet, 
as passing through the opening of the ring coil. If the 
coil is moved nearer to the magnet, more lines of mag- 
netic flux will be crowded into the aperture. These 
lines can only come in by cutting sideways through the 
circuit of the ring coil. Similarly, if the coil is moved 
farther away, the lines of flux can only be withdrawn 
from the secondary circuit by cutting again through the 
conductor. Faraday showed that this ** cutting " is the 
effective cause of the induced electromotive force, and 
the increase or diminution of the total flux included by 
the complete secondary circuit is only a consequence 
of the fact that lines of magnetic flux cannot spring 
into existence suddenly in any place. If two long 
straight wires are placed parallel to each other, we have 
seen that if a current is started in one wire, the magnetic 
flux round it is distributed in circles co-axial with the 
wire. 

These lines of flux must not, however, be considered 
as springing into existence suddenly in the places occu- 
pied by them, but as growing out from the wire, just as 
the water-ripples on the surface of a lake, grow outwards 
from the place where a splash is made by throwing in 
a stond. In their progress outwards to their final posi- 
tions, these magnetic flux lines will " cut through " any 
parallel secondary conductor, and induce in it a mo- 
mentary electromotive force, and therefore, secondary 
current. Hence, if a conducting loop or circuit is at 
any time found to be including a greater amount of 
magnetic flux, it can only be because the flux lines have 
become concentrated, by additional lines crowding into 
the circuit from outside, and to do this they must cut 
across the circuit. 

The induced electromotive force set up by the cut- 
ting of a conductor across magnetic flux lines is weljL 
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shown by the effect of the rotation of a copper disc 
between the poles of a magnet. Faraday constructed, 
in the following manner, the first machine capable of pro- 
ducing a continuous electric current by the rotation of a 
conductor in a magnetic field. A copper disc (see Fig. 43) 




Fig. 43. — Faraday's Disc Induction Machine. (The Disc revolves 

Clockwise.) 

is placed between the poles of a horseshoe magnet, so 
that the North pole is one side of the disc, and the South 
pole on the other, and the line joining the poles passes 
through the disc about half way between the centre and 
the edge. A small metallic spring is placed so as to 
touch the circumference of the disc, and another to 
touch the metallic axis of the disc. When the disc is 
turned round like a grindstone, each radius of the circu- 
lar copper sheet passes in succession between the poles 
of the magnet and " cuts through " the flux of magnetic 
induction proceeding from the North pole to the South 
pole. If the springs are joined by a wire, in the circuit 
of which is placed a galvanometer, G, then a steady 
revolution of the disc in one direction, creates a steady 
induced current, which flows from the centre of the disc 
to the edge of the disc, or vice versa^ completing its cir- 
cuit through the external wire. The machine so con- 
structed was the parent of all subsequent dynamo 
machines in which electric current energy is produced 
froni mechanical energy by rotating a conductor in a 
suitable field of magnetic force. 
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. In order that we may find the value of the electro- 
motive force so created, in terms of the dimension of 
the disc, and its speed, it is necessary to examine a 
more simple case of induction by motion of a conductor. 
Let a copper wire be bent, as shown in Fig. 44, into a 
pair of parallel lines, closed at one end, forming thus 
three sides of a rectangle, A B C B. Let a second wire, 
D E, be placed across the bent wire and be supposed to 
slide along parallel to itself and to the end wire. Imagine 
this conductor placed in a field of magnetic flux, the 
lines of which are perpendicular to the plane of the paper, 
and are represented by the black dots. Then in any 
position of the sliding piece, a certain total magnetic flux 
passes through the secondary circuit formed of the two 
rails, the blind end of the bent wire, and the cross or sliding 
piece. 

Let the cross bar move parallel to itself with a certain 
velocity. It is easy to see that the rate at which the 
area B C D E gets larger, is represented by the pro- 
duct of the velocity of the cross piece and its length. 
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Fig. 44. — Electromotive Force produced in a Bar sliding across 

Magnetic Flux Lines. 



The total magnetic ^ux passing through the area 
B C D E is represented by the product of the mean 
magnetic flux density all over the area, and the value of 
the area measured in square centimetres. Hence the 
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rate at which the total magnetic flux included in the 
area B C D E changes when the cross bar D E moves 
parallel to itself one way or the other, with a uniform 
speed, is given by the product of the mean magnetic flux 
density all over the area, the length of the sliding piece, 
and the velocity of the bar parallel to itself. 

By Faraday's law the rate of change of the total flux 
is the measure of the induced electromotive force set up 
in the circuit B C D E. Hence we have the following 
rule : — 

The electromotive force set up in the circuit B C D E, 
by the uniform motion parallel to itself of the sliding bar, 
is numerically given by the product of the length of the 
bar, its velocity, and the magnetic flux density of the 
field in which it moves. 

The above rule provides us with a means of defining 
the practical unit of electromotive force. If the length of 
the bar CD is one centimetre^ and if it moves parallel to 
itself with a velocity of one centimetre per second in afield 
of magnetic flux Jiaving a density of one weber per square 
centimetre^ then the electromotive force set up in the circuit 
will be one volt. 

The above is the definition of what is meant by an 
electromotive force of one volt, and it can be practfcally 
created by causing a disc of known dimensions to spin 
in a field of magnetic flux of known density. 

Since the earth's vertical magnetic field is a field 
having a magnetic flux density, in England, of about 
four one thousand millionths of a weber per square cen- 
timetre, or '004 of a microweber per square centimetre ; 
we can easily calculate the electromotive force set up in 
a conductor moving transversely across the direction of 
this field, that is to say, horizontally. Let such a con- 
ductor be I metre long, or 100 centimetres in length, and 
move with a velocity of 3000 centimetres per second, 
or about the speed of an express train. The electromo- 
tive force set up in this conductor can then be calculated 
by the rule • — 
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Magnetic Flux density X kngth X velocity = electro- 
motive force or 

X ICO X 3000 = i?| = ^^ of a volt ; 



10^ ^ lO* lOOOO 

hence it is rather more than one-thousandth of a volt. 

§ 6. The Direction of the Induced Electromotive 
Force. The Hand Rule. — We require a rule to tell 
us, not only the magnitude of the induced electromotive 
force, but also the direction of it with reference to the 
motion of the conductor, and the direction of the field, 
and it is found in the following useful hand rule. 

Hold the forefinger, the middle finger, and the thumb 
of the right hand, in such a position that they are as 
nearly as possible at right angles to each other (see Fig. 
45.) Then make the following associations. Let the 
direction of the forefinger represent the direction of the 
magnetic flux (/^ore and -Flux). Let the direction of the 
thumb represent the direction of the motion of the con- 
ductor (ThuJ/b and Afotion). Finally let the direction 
of the middle finger represent the direction of the induced 
electromotive force (M/ddle and /nduced). The rule is 
then as follows : — 

If a conductor, represented by the middle finger, be 
moved in a field of magnetic flux, the direction of which 
is represented by the direction of the forefinger, the 
direction of this motion, being in the direction of the 
thumb, then the electromotive force set up in it will be 
indicated by the direction in which the middle finger 
points. The associations once made, it is easy, by twist- 
ing the hand about, with the two fingers and thumb held 
rigidly in the rectangular positions, to find at once the 
direction of the induced, electromotive force in a conduc- 
tor moved parallel to itself in a field of magnetic flux. 

Thus in the case of the sliding bar in Fig. 44 ; if 
the direction of the magnetic flux is into the paper 
away from the reader, and if the sliding bar moves to 
the right hand parallel to itself, then the direction of the 
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induced electromotive force is upwards on the sliding 
piece, and the current induced is counter clockwise in the 
circuit, A B C D. 
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Fig. 45.— Three Axes at Right Angles, indicating respectively the 
Direction of the lines of Magnetic Flux or Force Y, the Line 
of Motion of Conductor X, and the Direction of Current 
Induced Z. 

A final and important case of electromagnetic induc- 
tion which we must examine, is that of a circular or rec- 
tangular coil, rotating about an axis in a uniform field of 
magnetic flux. Let A B C D represent (see Fig. 46) 
such a rectangular circuit or wire rotating about an axis 
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X Y. Then, if the field of magnetic flux in which it is 
immersed is represented as regards direction by the 
arrow-headed lines, and if the circuit rotates round the 
axis X Y, it is clear that starting from a position of 
the rectangle, in which its plane is parallel to that of the 
flux lines, during one quarter of its complete rotation 
lines of flux are being put 
into the circuit, and during 
the other quarter of a re- 
volution are being with- 
drawn from it. The circuit 
gradually increases in ap- 
parent area, as seen from 
the direction in which the 
magnetic flux proceeds, and 
as it opens out it includes 
more lines of flux; then 
it diminishes again in ap- 
parent area, and reduces 
the number of flux lines, or 
total amount of magnetic 
flux linked with it. This 
process is repeated during 
the other half revolution. 
A little consideration will 
show the reader, that during ^. ^ „ . ^ ^ 
one half of its journey round %t;i^ra"utfo™"Ftld7f 
there must be an electro- Magnetic Flux, 
motive force acting in one 

direction round the circuit, and in the remaining half an 
oppositely directed electromotive force. It must be 
noticed that the insertion of magnetic flux into a circuit 
produces exactly the ^ame electromotive effect, as regards 
direction, as the withdrawal of oppositely directed mag- 
netic flux. Therefore, putting in positively directed flux 
during one quarter of a turn creates an induced current 
in the same direction as withdrawing negatively directed 
flux. 
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Hence the rapid rotation of the ring or circuit in the 
uniform field of flux, will cause it to be traversed by a 
current of electricity which is first in one direction and 
then in the other. Such a current is called an alter- 
nating current^ and the properties of these alternating 
currents we shall study in another chapter. 
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CHAPTER VII. 

ELECTROMAGNETS, 

§1. Magnetisation Curves.— We have in previous 
chapters defined magnetic force, magnetic flux density, 
or induction, reluctivity and permeability, and we must, 
in the next place, study somewhat more carefully the 
manner in which these quantities are related to each 
other in the case of ferromagnetic materials, such as iron, 
when forming a magnetic circuit. For this purpose, it is 
best to begin by examining in detail the magnetic 
chaiiges taking place in iron when a circular iron ring is 
magnetised by an electric current. Let an iron ring be 
covered over with a magnetising spiral or solenoid, and 
also be surrounded at one place with a secondary coil 
which is connected with a ballistic galvanometer. We 
have already explained in Chapter VI. the manner in 
which the ballistic galvanometer is employed to measure 
the magnetic flux linked with a conducting circuit. If, 
then, a certain measured electric current is passed 
through the magnetising spiral of the ring magnet, and 
if we know the number of turns on this spiral, we can 
calculate the magnetising force acting on the iron, since 
this force is numerically equal to the number of ampere- 
turns per half inch of the mean perimeter of the ring. 
This magnetising force creates a certain magnetic flux in 
the interior of the iron ring, and the value of this flux 
can be obtained by reversing suddenly the direction of 
the magnetising current,'and noting the swing of the cali- 
brated ballistic galvanometer connected to a secondary 

circuit wound on the ring. In this ^a.y'J;"^':;;^fnetic 
sectional area on the ring, we can determnie the magnetic 
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flux density in the iron corresponding to various mag- 
netising forces. The results are then set out in a curve, 
called a Magnetisation Curve (see Fig. 47), as follows : — 
On a diagram, take horizontal distances to represent 
the magnetising forces acting on the iron ring, reckoned 
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Fig. 47. — Magnetisation Curve (firm line) for Annealed Swedish , 
Iron Ring. The dotted curves are the Magnetisation Curves 
for Cast Iron and Malleable Cast Iron. 

in ampere -turns per centimetre or per half incky Or in ab- 
solute C.G.S. units (o*8 of an ampere-turn per centimetre 
=c I C.G.S. unit), and vertical distances to represent re- 
sulting magnetic flux density, measured either in C.G.S. 
units or in microwebers per square centimetre (100 C.G.S. 
units = I microweber). The curve so obtained rises 
somewhat steeply at one place, and then beconjes more 
nearly flat. 
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In the following table are given the results of such 
an experiment on a soft iron ring, all measurements 
being in C.G.S. units : — 

Magnetisation Curve of an Annealed Swedish 

Iron Ring at 15° C. 



Magnetising Force 


Magnetic Flux 


Magnetic Permeability 
B 


= H. 


Density = B. 


= /*- jj- 


0-725 


1,000 


1379 


0-971 


2 , 000 


2060 


I-I74 


3,000 


2555 


1-378 


4,000 


2903 


i'595 


5,000 


3135 


1*840 


6,000 


3261 


2*IO 


7,000 


3333 


2-58 


8 , 000 


3101 


3'35 


9,000 


2687 


4*47 


10,000 


2237 


6-27 


I I , 000 


1754 


8-99 


12,000 


1335 


12-35 


13,000 


1053 


17*22 


14,090 


. 813 


22* I 


14,400 


652 



The results of the above observations are set out in 
the curve in Fig. 47. 

The magnetisation curves of cast iron, steel and 
wrought iron, differ in form from one another in such a 
manner as to show that the production of a given flux 
density in wrought iron, or in certain kinds of steel may 
be attained with a far less magnetising force than is neces- 
sary in the case of cast iron or hardened high carbon 
steel. The purest Swedish wrought iron is characterised 
by having a magnetisation* curve, which rises up very 
steeply to a " knee " in such a manner as to show that a 
high value of the magnetic flux density is attained with 

N 2 
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a comparatively small expenditure of magnetising force. 
The same magnetising force would not produce a mag- 
netic flux density of anything like the same magnitude 
if acting upon a cast-iron ring. Thus a magnetising 
force of 20 C.G.S. units will produce in Swedish wrought 
iron, or mild cast steel, a flux density of 14,000 or 15,000 
C.G.S. units. The same force would not produce a flux 
density of more than 4000 or 5000 in cast iron. Certain 
kinds of cast steel having small percentages of carbon 
in them may, however, under high magnetising forces, 
have produced in them an even larger flux density than 
would be the case if the same force acted on wrought 
iron. This is shown by the following figures : — 

Magnetisation Curves of Mild Annealed Steel ani> 
Soft Swedish Iron in the Form of Rings taken 
at 15° C. 



Flux 


Magnetising Force 
H. 


Permeability 


Density 
B. 


Annealed Cast 
Sheet Steel. 


Annealed 
Soft Iron. 


Annealed Cast 
Sheet Steel. 


Annealed 
Soft Iron. 


2,000 

4,000 

6,000 

8,000 

10,000 

12,000 

14,000 

16,000 

18,000 

20,000 


1*2 

1-7 

2 '5 

3*7 

5*55 

8-95 

15 
29 

90 

224 


0-8 
I-I7 

1-73 

2*55 

3*95 

6*45 
12 

54 
126 

324 


1800 
2400 
2425 
2150 
1800 

1375 
950 

200 

87 


2675 

3375 

3500 

3150 

2550 
1850 

1050 

325 

125 

55 



It will be seen that, for the small forces, this particular 
steel has smaller permeability than the iron, but for the 
large forces greater permeability than the iron. This, 
however, is not generally true of all steels. The per- 
meability of steel decreases as the percentage of carbon 
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increases. As a matter of fact, the chemical composition 
of the steel and iron in the above table is not very dif- 
ferent, and the terms steel and iron refer rather to the 
mode of production of the metal than to the precise 
chemical composition. 

The terms wrought iron or iron, steel, and cast iron, are 
applied to different, more or less variable, compounds or mix- 
tures of chemically pure iron with other substances. Probably 
no one, has yet seen absolute pure iron in the sense of iron loo 
per cent, fine, or if produced it is but a chemical rarity. It cannot 
be obtained in commerce. The usual impurities present in iron 
are carbon combined with iron in the form of various carbides 
of iron, carbon free in the form of graphite, silicon, phosphorus, 
sulphur and manganese. In the purest Swedish charcoal iron 
these impurities may be present to the extent of only o. i or 
even coy per cent. Cast iron contains all the elements which 
the crude iron brings in from the ore and the fluxes used in 
reduction, and is characterised by the presence of an excess of 
carbon, most of it in the uncombined form as graphite. Steel 
contains carbon almost wholly in the combined form, and is 
spoken of as low carbon, or good, or mild steel, when the carbon 
is less than • 25 per cent, and as high carbon steel if carbon is 
present in greater percentages. As an illustration of the com- 
positions of various irops and steels the following analyses are 
given, merely as typical : — 





Charcoal 

or Swedish 

Wrought 

Iron. 

0-05 

0*05 
0-03 
o'o8 
o-o6 

99*73 

100 '00 


Cast Steel. . 


Cast 
Iron. 


^^"" 


Magnetically 
good. 


Magnetically 
inferior. 

0-36 

0-47 
0*04 

0*15 
0*62 

98-36 


Carbon combined . 
Carbon as graphite 
Silicon . 
Sulphur 
Phosphorus . 
Manganese . 
Iron 


o-o8 

O'OI 

0*05 
o-o8 
0*04 

99 74 

100 'GO 


0*70 

3*30 
2 '00 

0*04 

0-85 

0-38 

92-73 




100 'OQ 


100 '00 
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In Fig. 48 the above magnetisation curves for mild 
steel and for soft iron are delineated. When a magnetic 
flux density of about 18,000 C.G.S. units, or 180 micro- 
webers per square centimetre, has been reached, the 
increase of flux density in wrought iron proceeds very 
slowly compared with the increase in magnetising force. 
At this stage the iron or steel is said in popular language 
to be " saturated " magnetically. It has, however, been 
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Fig 48. — Magnetisation Curves (firm lines) of Annealed Mild 
Steel and Swedish Iron. The dotted curves are the corre- 
sponding Permeability Curves. 

shown that there is no definite limit to the extent to 
which the magnetic flux density in the iron can be in- 
creased, and, by the use of a sufficiently powerful mag- 
netising force, the flux density in iron has been pushed 
up, by Ewing and others, to 40,000 C.G.S units or more 
(400 microwebers per square centimetre). The form of 
the magnetisation curve shows, however, that there are 
three well marked stages in the process of magnetising 
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iron. First, a stage when the flux density increases 
almost proportionately to the magnetising force, and 
rather slowly. This is called the initial stage of magnet- 
isation. In the next place, at some stage in the proces3 
corresponding to a small increase in the force, there is a 
relatively rapid increase in the magnetic flux density, 
and the magnetisation curve rises very steeply. In the 
third place, there is a slow final stage, beyond what is 
called the " knee " of the curve, in which immense in- 
crease in the magnetising force makes very little corre- 
sponding increase in the flux density or induction. We 
shall examine presently the probable physical explana- 
tion of these facts. The form of the magnetisation curve 
is •very characteristic of different classes of iron and 
steel. In Fig. 47 are shown in dotted lines the magnet- 
isation curves for cast iron and malleable cast iron, and 
it will be seen how greatly they differ from that of 
wrought iron. We have already pointed out that, in the 
case of certain varieties of steel, although the flux density 
produced by ^ small magnetising force is considerably 
less than that produced by the same force on soft or 
pure iron, yet for large magnetising forces the reverse is 
the case, and a given large magnetising force may pro- 
duce a greater flux density in mild steel than in iron. 
Hence it follows that the magnetisation curve of such 
steel crosses that of iron, and whilst below it for small 
forces is above it for great ones. It is for this reason 
that cast steel having a small percentage of carbon in it 
is now much used in dynamo building. The dynamo 
builder is only concerned in getting the greatest flux 
density possible in the field magnets of his dynamos,, for 
a large magnetising force, and he can do this to a slightly 
greater degree by the use of certain qualities of steel 
than by iron, and in addition he has in the steel a 
niaterial with better mechanical qualities for working. . 
The ratio between the magnetic flux density, or th^ 
induction, and the magnetising, force is called the per- 
meability (ji) of the material. If, therefore, from any 
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point P, on the magnetisation curve (see Fig. 47) a 
straight line is drawn to the origin O, the ratio of the 
length of the perpendicular P M to that of the base M O, 
or the tangent of the slope of the line P O gives us the 
permeability of the material corresponding to the mag- 
netic flux density represented by P M. It is usual to 
plot out a curve of permeability in terms of the magnetic 
flux density or induction, and such curves are called 
Permeability Curves. The permeability curves are de- 
lineated in Fig. 48 for annealed Swedish iron, and for 
mild annealed steel by the dotted lines. It will be seen 
that the permeability curve has a maximum value for a 
certain flux density, and this maximum value is an im- 
portant characteristic magnetic constant of the iron* or 
steel. This maximum permeability may rise to 4000 
units or more for certain special kinds of Swedish iron, 
but is more generally a number in the neighbourhood of 
2000 or 2500 for most common classes of iron. Its value 
greatly depends on the manner in which the iron has 
been annealed. The reciprocal of this number is the 
reltictivity of the iron for that particular flux density. 
The magnetisation curve for air or non-magnetic materials 
is a straight line, so drawn that the ordinate or height 
representing the flux density corresponding to any mag- 
netising force has a numerical value equal to that of the 
base length denoting the force. Hence, on a diagram 
representing a magnetisation curve for iron, it is hardly 
possible to represent an air magnetisation curve to the 
same scale of flux density, since it would be hardly distin- 
guishable from the base line itself. The magnetic flux 
density is always denoted by the letter B, and magnetis- 
ing force by the letter H ; and hence, since the magnet- 
isation curves show the relation of B to H, they are 
called B-H curves. The permeability is denoted by 
the Greek letter /i, and hence permeability curves are 
called B-//, curves. 

§ 2. Hysteresis Curves. — If, instead of measuring 
the total change of magnetic flux produced by revers- 
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ing the magnetising force, we proceed to increase and 
diminish the magnetising force in a cyclic or periodic 
manner, step by step, we can delineate another curve, 
called the Hysteresis Curve, of the iron which has verj' 
important properties. Suppose that an iron ring is 
taken in a perfectly unmagnetised condition, and start- 
ing from this state, we apply a magnetising force repre- 
sented by -I- I (see Fig. 49), and measure the magnetic 
flux density produced by it in the iron. Next, let the 
magnetising force be increased to -j- 2, and the increment 
or increase of flux density B, caused by this increase 
of H from -}• i to -J- 2, be mea- 
sured. Proceeding in this manner, - ~ 
let us suppose the force increased 
to -i- 4, and then diminished again 
to zero, It will be found that the 
values of the magnetic flux den- 
sity for given magnetising forces, 
during the period of decrease of 
the force, do not agree in value 
with those for the corresponding 
values of the force during the 
period of increase. In other „. 
words, the flux density is not the Irtt^^onT^e^'^f"™; 
same on the way down as on the Ring showing Hysteresis, 
way up, but lags behind. The 

term hysteresis denotes a lagging behind or want of cor- 
respondence between two things. 

The firm line curve in Fig. 49 delineates the rela- 
tion of magnetic flux density to magnetic force during 
these operations. It will be seen that, after the mag- 
"netic force has been applied and removed, magnetic flux 
still lingers in the iron or is retained, and this property 
of the iron is called its Retentivity. The ordinate OQ 
represents the magnetic flux density remaining after 
the force has been again reduced to zero. The ordinate 
O P represents the maximum value of the flux density 
attained, and the ratio of O Q to O P (expressed as a 
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percentage) is the measure of the retentivity of the iron 
under those conditions. It may even reach 90 per cent. 
In the next place, after reducing the magnetising force 
to zero let us suppose it is reversed, and a force of — i 
applied, and then — 2, and so up to — 4 ; after which, 
let the force be again increased and brought back to 
zero. In thi;5 way a complete cycle of magnetising force 

is applied, ranging from o to + 4, 
from + 4 to o, from o to — 4, 
and from — 4 back to o again. 
Corresponding to this, we find that 
the magnetic flux in the iron goes 
through a cycle or range of peri- 
odic values, and that the flux and 
force are related to one another, 
as shown by the ordinates and 
abscissae of the closed curve in 
Fig. 50. This curve is called a 
hysteresis diagram or loop. The 
ordinate O P, represents the maxi- 
mum value of the magnetic flux 
density during the cycle. The 
ordinate O Q represents the mag- 
netic flux density retained in the 
iron after the force is withdrawn, 
and represents, therefore, the re- 
tentivity of the iron. The inter- 
•te/XiTp'Tr 1'oK «pt or distance O R. represents 
Iron Ring. the negative or reverse magnetic 

force which has to be applied to 
reduce the magnetic flux to zero, after applying a posi- 
tive force, and it is therefore the negative magnetising 
force required to annul the result of applying a positive 
magnetising force O M. This force O R is called the 
Coercive force required, and the length O R is a measure 
of the coercivity of the iron. 

This hysteresis diagram or loop, therefore, shows us 
at a glance the magnetic qualities of the material, and 
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it has another important property as' well. In the case 
of a steam-engine indicator diagram, the area of the 
diagram represents the work done in the engine cylinder 
by the steam at each stroke. In the same way when 
iron is magnetised, the work done per unit of volume 
of the metal, in increasing its magnetic flux, is measured 
by the product of the increment of the flux density and 
the force. Owing to the unfortunate fact that the unit- 
magnetic pole is defined by the mechanical force between 
it and another unit pole, instead of being defined as a 
pole from which proceeds a unit of magnetic flux, we 
have a numerical constant introduced into the product 
expressing the work done in making an increase in the 
magnetic flux density in iron. Properly speaking, the 
work done in making a small increase in the magnetic 
flux density in iron should be numerically expressed 
by the product of the mean magnetising force and the 
small increase in magnetic flux density made by it. 
"Owing, however, to the use of an irratipnal system of 

units, we have, in fact, to introduce a multiplier — 

where tt is the ratio of the circumference of a circle 

22 

to its diameter, viz. 3 • 141 6, or nearly — , Hence, since 

1.7 

--^- is very nearly — , we have, under the present system 
4 'w 00 

of irrational magnetic units, to remember that the work 

done in increasing, by a very small amount^ the magnetic 

flux in a cubic centimetre of iron is measured in ergs 

per cubic centimetre of the iron by ^ times the product 

of the mean impressed magnetising force and the small 
corresponding change or increase of the magnetic flux 
density produced by the increment of the force. The 
magnetic flux density and magnetising force being mea- 
sured in C.G.S. units. If the magnetic flux density is 
measured in webers per square centimetre^ and the mag- 
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netising force in ampere-turns per linear centimetre^ then 
the work done in taking a cubic centimetre of iron 
through a magnetic cycle is measured m joules. In any 
case, the whole area of the hysteresis loop represents the 
total work done in taking a cubic centimetre of the iron 
through the magnetic cycle represented by that loop, 
and is generally expressed in ergs. 

The reader may be assisted to understand the above men- 
tioned statements by considering the analogy between magnetic 
work and mechanical work. Imagine a cylinder with a tightly 
fitting but frictionless piston in it, and let the cylinder be filled 
with a volume of air equal to v cubic centimetres, and under a 
pressure of/ dynes per square centimetre. If the piston is 
pushed in a little way, so as to cause a smcLll decrectse in the 
volume of the air by an amount represented by dv, then work has 
to be done to overcome the resistance of the air to compression, 
and it is easy to see that the work done in making this small 
change in volume in the air is equal top dv ergs. 

In the same way if a cubic centimetre of a magnetic sub- 
stance has in it a magnetic flux density B, and if it is under a 
magnetising force H, and if the force is increased so as to cause 
a small increase in the magnetic flux by an amount represented 
by //B, the work done in effecting the change is equal to H </B 
ergs, if the magnetic units are rational units. Unfortunately, the 
C.G.S. units are not rational units, and hence the intrusive 4 ir 
comes in, and we have the value of the small amoimt of work 
done in increasing the magnetic flux density by a small amount 
d B, the mean magnetising force being H, given by the expres- 
sion — H ^ B. Hence it follows, that the work done (reckoned 

47r 

in ergs) in taking one cubic centimetre of iron through one 

complete magnetic cycle, is equal to — ( = — ;— 7 ) of the area 

of the hysteresis diagram, reckoned in terms of a rectangular 
unit of area, one side of which is the length taken as a unit of 
magnetic force, and the other the length taken as a unit of mag- 
netic flux density. 

§ 3. Steinmetz's Law. — If we take one and the 
same iron ring through a series of magnetic cycles, 
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increasing at each cycle the 
maximum value of the mag- 
netic flux density, we can 
delineate a series of hyste- 
resis loops as in Fig. 5 1, each 
one of which corresponds to a 
definite maximum value of 
the magnetic flux densitydur- 
ing the cycle. If the areas 
of these loops are measured 
with a planimeter, and the 
areas set out as distances on 
a vertical scale, with the cor- 
responding maximum values 
of the magnetic fiux den- 
sity as horizontal distances, 
we obtain a curve (see Fig. 
52) called a Steinmetz curve. 
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Fig. 52. — SleinmeU Curve. 
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This curve shows us the relation between the work done 
in taking the iron through a magnetic cycle, and the 
maximum value of the induction density during that 
cycle. It is found that the hysteresis loss in work done 
in performing a magnetic cycle, varies as the i • 6 power 
of the maximum magnetic flux density reached during 
the cycle. If B denote this maximum value, represented 
by the line N M in Fig. 50, then the work done in carryr 
ing the iron round the magnetic cycle is measured by 
the product of a certain constant called the Hysteretic 
Constant f and the value of B***. 

Generally speaking, for most varieties of pure iron, 
the work W, measured in ergs, spent in taking one cubic 
centimetre of iron through one complete magnetic cycle, 
is nearly given by the equation 

W = -002 B'''. 

The arithmetic constant '002 is called the hysteretic 
constant, and the values of the hysteretic constants for 
different kinds of iron and steel are given in the table 
below. i 

'; I. ' 

Table of Hysteretic CoNjSTi^NTS. 



Metal. 



Swedish wrought iron, well annealed .! 

Annealed cast steel of good quality, small) 
percentage of carbon , . . . I 

Cast Siemens-Martin steel 

Cast ingot iron 

Cast steel, with higher percentages of] 
carbon, or inferior qualities of wroughtj 
iron J 



Hjrsteretlc Constant. 

•0010 to '0017 

•0017, to '0029 

•0019 to '0028 
•0021 to '0026 

•0031 to '0054 



The effect of annealing on the value of the hysteretic 
constant is very marked ; thus, we find that Swedish cast 
steel (annealed) has a hysteretic constant of '0015, but 
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Swedish cast steel (unannealed) has a hysteretic constant 
of '0029 ; also German cast steel (annealed) has a hys- 
teretic constant of '0017, but German cast steel (an- 
nealed) has a hysteretic constant '0033. 

In order to calculate the hysteresis loss in ergs per 
cubic centimetre, for any value of the maximum magnetic 
flux density or induction, we require a table giving the 
values of B**® for different values of B as follows : — 



Table giving the Values of B«*^ for Various 

Values of B. 



Maximum Value of the 






Magnetic Flux Density 


Value of B''^ 


Value of -002 B' ^ 


or Induction B. 






1,000 


63,100 


126 


2,000 


191,300 


383 


3,000 


365,900 


732 


4,000 


580,000 


I160 


5,000 


828,800 


1658 


6,000 


I , I I I , 000 


2222 


7,000 


1,420,000 


2840 


8,000 


1,758,000 


3516 


9,000 


2,122, 000 


4244 


TO, 000 


2,511,000 


5022 



The last column in the above table gives the hysteresis 
energy loss in ergs per cubic centimetre of soft iron, pro- 
duced by one complete cycle of magnetisation, in which 
the maximum value of the flux density or induction 
during the cycle has the value given in the first column of 
the table.* It is easy to see from the above figures, that 
if a cubic foot of soft iron is carried through a complete 
cycle of magnetism, in which the maximum flux density 

♦ The figures in the third column of the table in question are merely 
typical of ordinary good iron, and must not be considered as the absolute 
values for any iron whatever. 
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is io,ocX) C.G.S. units, that this operation requires the ex- 
penditure of about lo foot-pounds of energy. To do 
this 100 times a second, therefore involves doing looo 
foot-pounds of work. It is obvious, therefore, that mag- 
netising and demagnetising iron quickly, is an operation 
which absorbs a considerable amount of power. The 
power absorbed is dissipated as heat in the iron. The 
energy dissipation increases at a much more rapid rate 
than the maximum flux density. Hence, whenever iron 
has to be magnetised and demagnetised quickly or 
frequently, the flux density should be kept low, if it is 
desired to economise power. 

The hysteresis diagram of an iron is therefore capable of 
affording us a large amount of information as to the mag- 
netic utility of the metal, and its suitability for various 
purposes. Thus, for instance, the maker of a dynamo 
requires a quality of iron or steel for the magnets of his 
dynamo magnets which shall have very high magnetic 
flux density for small magnetic forces, or large permea- 
bility. He is not, however, very particular in requiring 
small hysteresis loss. He therefore selects an iron or 
steel which has a hysteresis diagram somewhat like the 
curve in Fig. 53. 

The loop is very upright, because the magnetic flux 
density is relatively large for small magnetising forces ; 
that is to say, the permeability is high. The area of the 
loop is moderately small, and hence the iron has a fairly 
small hysteretic constant. 

The maker of an alternating currpnt transformer is 
not nearly so particular about the permeability of the 
iron or steel he uses, but he is very desirous of obtaining 
the smallest possible hysteretic constant. He therefore 
employs a mild steel, or pure Swedish iron, having a 
hysteresis diagram like the curve in Fig. 54. This curve 
has a very small area, thus indicating the small hysteretic 
value of the metal. 

The maker of a permanent steel magnet does not 
care at all about the hysteretic constant or jjermeability 
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of the steel he employs, but he does require a steel which 
shall have large retentivity and large coercivity. He 
therefore selects a steel such as glass-hardened tungsten 
steel, which has a hysteresis diagram like the curve in 
Fig. 55. In this diagram the intercept O Q (representing 
the retentivity) is large, and also the intercept O R 
(representing the coercivity). It will be seen, therefore 
that it is impossible to have large retentivity and great 






?*ig. 53-— Type of 
Hysteresis Loop 
required for Dy- 
namo Steel. 



Fig. 54. —Type of 
Hysteresis Loop 
required for Trans- 
former Steel. 



Fig. 55-— Type of Hys- 
teresis Loop required 
for Permanent Magnet 
Steel. 



coercivity in a steel without at the same time having 
large hysteretic constant. Hence it follows that all 
varieties of magnet steel which are useful for making 
good permanent magnets, are very bad qualities of steel 
to employ for the cores of transformers, or for field mag- 
nets and armatures of dynamos. Fortunately it happens 
that we can adjust the quality of the metal for the 

purpose for which it is to be applied. 

O 
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§ 4. Electromagnets. — An electromagnet consists of 
an iron or steel core, called the magnet body, which 
is surrounded by coils of insulated wire, called the magnet 
coils, through which a magnetising current is passed. If 
the iron is a completely closed iron ring, the magnet is 
called a poleless electromagnet If, as is more usually the 
case, the iron does not form a complete circuit, then it 
has one or more air spaces in the magnetic circuit, called 
the air gap or gaps. The terminations of the iron circuit 
which bound the air gaps are called ^t pole pieces or pole 
faces. Very often the magnet has the form of upright 
round iron legs, on which the coils are wound, united by 
a cross piece, called the yoke. 

For experimental purposes, the poles are often fitted 
with xexnow3h\t pole pieces. 

The material most commonly used for the cores of 
electromagnets is soft Swedish iron, on account of its 
high permeability. Soft Siemens-Martin steel is, how- 
ever, more easily obtained now, and for most purposes, 
where rapid changes of magnetism are not required, is 
quite as effective. The steel will not generally fall below 
the iron in permeability by more than 5 or 6 per cent, at 
high magnetisations, even if not superior to it, whilst the 
permanent magnetisation of the steel, as compared with 
the iron, after removal of the magnetising force, will not 
generally be greater by more than 10 per cent. 

The legs and yoke of the magnet may be either of 
solid iron or steel, or else built up of wire or plates, in 
which case they are said to be laminated. 

In the construction of an electromagnet, the object, 
generally speaking, is to procure the strongest possible 
magnetic flux density in the interpolar air gap or gaps, 
and to obtain this by the least possible excitation or 
ampere-turns on the magnetising coils. 

In the construction of an electromagnet it is impor- 
tant, therefore, to be able to predetermine the magnetising 
force in ampere-turns per centimetre required to pro- 
duce a given magnetic flux density. In certain cases 
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this can be done without difficulty. Let us consider a 
few of the simpler instances. 

Take first the case of a circular iron ring. When this 
is magnetised by an endless solenoid wound on it, it forms 
a poleless magnet. Suppose that the dimensions of the 
ring are given, and that it is required to predetermine 
the magnetising force in ampere-turns necessary to pro- 
duce practical magnetic saturation in this iron. This in- 
volves creating in the iron a flux density of, say, i6,ckdo 
to 18,000 C.G.S. units or 160 to 180 microwebers per 
square centimetre. 

To determine the windings to be put upon the 
iron ring, we must consult a magnetisation curve for a 
complete iron circuit, and from that curve (see Fig. 47, 
p. 178) we see that, to produce a magnetic flux density of 
18,000 C.G.S. units in an iron ring, requires the applica- 
tion of a magnetising force of about 100 C.G.S. units, or 
of 100 ampere-turns per half inch of length of the mean 
perimeter of the ring. If, therefore, the mean perimeter 
of the ring is known, we can at once deduce the total 
ampere-turns to be put upon the ring. 

Let us suppose the mean perimeter of the ring is 
12 inches, and the diameter of cross-section i centimetre. 
We then require 2400 ampere-turns on the ring to mag- 
netise it practically to saturation. This alone does not 
tell us how many turns of wire to put upon the ring. 

Let us suppose we have at disposal some No. 18 
cotton-covered copper wire. It will be found possible, 
on a ring of the above dimensions, to wind on about 
five or six layers of No. 18 wire, each layer having 100 
turns. For a short time this wire would carry a current 
of about 4 amperes without overheating, and thus the 
necessary magnetising force, consisting of 4 amperes 
flowing 600 times round the ring, or 2400 ampere-turns, 
could be obtained. 

There is no absolute rule for fixing the size and 
length of wire to be employed for the magnetising coil ; 
it has to be determined by various conditions, such as 

O 2 
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the electromotive force at disposal for producing the 
current, and the amount of power which it is decided 
shall be dissipated in this coil as heat. 

In the next place, let us consider a slightly less 
simple case, viz. that of an iron ring with a narrow cut or 
air gap in it If a magnetising coil is to be wound on 
this ring, to produce a magnetising force creating a stated 
magnetic flux, the predetermination of the ampere-turns 
to be put upon the ring is based upon the principle that 
the total magnetomotive force or ampere-turns to be 
applied to the ring, to produce a required magnetic flux 
round the circuit and across the air gap, may be divided 
into two parts, viz. one part which is required to over- 
come the reluctance of the iron itself, and the other part 
to overcome the reluctance of the air gap. It is to be 
noted that magnetomotive forces are additive, that is to 
say, we obtain the total magnetomotive force required 
if we estimate separately the magnetomotive forces (in 
ampere-turns) required to force the required induction, 
or magnetic flux, respectively through the iron and 
through the air gap, and then add the values of these 
magnetomotive forces together to obtain the nett or re- 
sultant magnetomotive force. 

For the sake of illustration let us suppose the ring has 
a cross-sectional area of 2 square centimetres, and a mean 
perimeter of 30 centimetres, and let the air gap be very 
narrow, and be only i millimetre in width. Let us fur- 
ther suppose that we require to produce a magnetic flux 
density of 10,000 C.G.S. units across the air gap. In 
order to reduce the difficulties of the problem, we must, 
in the present instance, suppose that the magnetic flux is 
wholly confined to the iron, and jumps across the air gap 
without spreading, so that the air space which is mag- 
netised is I millimetre or o*i centimetre in length, and 
2 square centimetres in section. Hence, since the reluc- 
tivity of air is taken as unity, the reluctance of the air 

gap is equal to — % — of the air gap, or is represented 

section 
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by the number — The above statement is not strictly 

20 

true. As a matter of fact, the magnetic flux in crossing 
the air gap spreads or swells out, so that it is somewhat 
more difficult to calculate the actual reluctance of the 
air gap. If the magnetic flux density is to be 10,000 
C.G.S. units per square centimetre, and if the section of 
the ring is 2 square centimetres, it is obvious that we 
have to produce in the ring a total magnetic flux of 
20,000 C.G.S. units or 200 microwebers. 

Bearing in mind that the quotient of the numerical 
value of the magnetomotive force by that of the reluct- 
ance gives us the value of the total magnetic flux, and 
also that the magnetomotive force in C.G.S. units is 
equal to i^ times the ampere-turns, it is easy to show 
that the ampere-turns to be put upon the circuit to over- 
come any given air reluctance is given by the rule — 

Ampere-turns = 0'8 X the total magnetic flux 
X the air gap reluctance. 

The coefficient 0'8 being the reciprocal of i J or of 

Hence to overcome the reluctance of the air gap 

represented by — , and force through it a total magnetic 

flux of 20,000 C.G.S. units, requires 

0*8 X 20,000 X — =s 800 ampere-turns. 

To overcome the reluctance of the air gap, having a 
width of I millimetre, requires therefore 800 ampere-turns. 
Next, as regards the iron. On consulting the magnet- 
isation curve of iron (see Fig. 47, p. 178) we see that to 
produce a flux density of 10,000 C.G.S. units in soft 
wrought iron, requires approximately a magnetising force 
of 4 C.G.S. units, or of 4 ampere-turns per half-inch of 
the iron circuit. Since the iron circuit in this case is 
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30 centimetres, or nearly 24 half-inches, in length, we shall 
require 96 ampere-turns on the ring to overcome the 
reluctance of the iron. The total ampere-turns required 
is then 896, made up of 800 ampere-turns required to 
force the magnetic flux across the i millimetre air gap, and 
96 ampere-turns to force it through the 300 millimetres 
of iron. This fact will bring forcibly to the student's 
notice the effect of an air gap, however narrow, in in- 
creasing the total magnetomotive force required to pro- 
duce a given total magnetic flux in that magnetic circuit. 
When the air gap is large, the problem of determining 
the ampere-turns to produce a given flux density is much 
more difficult, and its solution is beyond the limits of 
this treatise. 

§ 5. The Lifting Power of Electromagnets. — If a 
piece of soft iron is held against the pole of a magnet, or 
if a keeper is placed across the poles of a horseshoe- 
shaped electromagnet, it requires a certain pull or force 
to detach the iron or keeper. The weight in grams or 
pounds required to effect this detachment is called the 
lifting power of the magnet. 

The laws governing the tractive power of magnets 
are best examined by considering, in the first place, the 
force required to separate two equal magnetic poles, with 
perfectly flat surfaces, placed against each other. 

Consider the case of two uniformly and equally magnetised 
magnets with perfectly fiat ends, having their opposite poles 
pressed against each other. Let the strength of each of these 
poles be m units (ordinary or C.G.S. system), and let the 
magnetic flux density over the contact surface (which is really 
a very narrow air space) separating the poles be denoted as 
usual by B. Then we have seen in Chapter III. that the total 
magnetic flux coming out of the pole of strength m is ^ir m 
units, and hence if the section of each magnet is s square 
centimetres, and we suppose the whole flux to pass across the 
surface of contact, we have the relation 

B J = 4 IT ;//. 
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This equation expresses the fact that the total Aux otit of 
the pole is equal to 4 tt times the pole strength. 

The total flux across the very narrow air gap separating 
the attracting poles may be considered to be made up of two 
parts, one half being as it were a flux belonging to, and coming 
out of one pole, and the other half being a flux in the safne 
direction^ proceeding into, and belonging to, the adjacent oppo^ 
site pole* Hence we may regard the attraction of the poles as 
being due to the tendency of the one pole of strength in to toove 

in a magnetic field of strength - belonging to the other pole, 

since the field strength of either of the magnets just outside the 
surface of its flat pole is numerically equal to the flux density 
of the flux attached to, and existing in the body of that magnet. 
The mechanical force which acts upon a magnetic pole 
placed in a magnetic field, not its own, is numerically equal to 
the product of the pole strength and the field strength. Hence 
the mechanical force pressing the poles together, that is to say 
the total pressure between them reckoned in dynes, must be 

numerically equal to the product w X -. We have already 

shown that in the C.G.S. system the total magnetic flux coming 
out of a pole of strength mx^ /^icm units. If the flux density 
at the polar surface of the magnet is denoted by B, and if th^ 
polar surface has an area of s square centimetres,^ the total 
flux out of the pole is B j* units. Hence the relation between 
these quantities is expressed by the equation 

4 TT w = B J, 

or 

Bj 
m ^ — • . 

4 ir 

It follows, then, that the mechanical force between the polar 
surfaces of area s square centimetres is equal to 

B , 
m X - dynes, 
2 

or to 

— X - dynes, 
4^ 2 
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or to 

r— s dynes* 

O IT 

Hence the "pull" or attraction between the poles per 
square centimetre of surface is 

r— dynes. 

If a weight of W grammes is required to be applied to one 
magnet to detach it from the other, then, since this weight W 
is equivalent to a mechanical force of 981 W d)nies, we have 
the equation 

98xW = _,, 
or 



57 >/y = B. 



The above equation tells us that the^ux density across the 

surf ace of contact of the poles is equcU to i^*] times the square root 

of the grammes weight per centimetre of total surfcLce required to 

detach the poles. The above rule enables us to calculate the 

W 
value of B when we have the observed value of — • 

s 

It will be seen, therefore, that the measurement of the trac- 
tive force of a magnet affords a means of measuring magnetic 
flux density ; because, if in the above equation the value of 
s and W as obtained by observation is inserted, the value of B 
can be calculated. 

Experiments to determine the lifting power of electro- 
magnets have been carried out by Mr. Shelford Bidwell 
and others. The following is the description of an ex- 
periment made by Mr. Bidwell : — 

Two pieces of apparatus were prepared. The first 
consisted of a rod of iron hooked at each end and divided 
transversely in the middle, together with a long solenoid, 
inside which the divided rod could be placed. The 
second was an iron ring cut into two equal parts, each of 
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which was encircled with a coil of insulated copper wire. 
In both cases the construction was such that an intense 
magnetic force could be produced with comparatively 
small battery power. The divided ring could be used 
either as a semicircular electromagnet with a semi- 
circular armature, or, if the current were passed through 
both coils, as two semicircular electromagnets. 

Merely to test the suggestions of Joule and Rowland, 
that a limit to the lifting power of an electromagnet was 
a tractive force of 200 lb. per square inch, two or three 
determinations were made of the weight which could 
be sustained when the current was caused to circulate 
around one only of the semicircles, the other being used 
as an armature. With a current of 4*3 amperes the 
weight supported was 13,100 grams per square centi- 
metre of surface ; with a current of 6 • 2 amperes the 
weight supported was 14,200 grams per square centi- 
metre. In the latter case, therefore, the lifting power 
exceeded that which both Joule and Rowland considered 
the greatest that could be imparted to a magnet by an 
infinite current. Had it been worth while to incur the 
risk of injury to the insulation of the coil, there is no 
doubt whatever that, by applying stronger currents, the 
lifting power might have been carried still further — for 
there was no indication that a limit was being ap- 
proached. But it was of greater interest to 3tudy the 
effects produced when both portions of the ring or of the 
rod were under the direct influence of the magnetising coil. 

The first experiment was made with the divided rod. 
One portion was supported by means of its hook in a 
vertical position ; a scale-pan was attached to the hooked 
end of the other portion, and the flat ends of the two 
were brought into contact and surrounded by the sole- 
noid. Currents of gradually increasing strength were 
then caused to pass through the solenoid, and note was 
taken of the greatest weight which could in each case 
be placed in the scale-pan without tearing asunder the 
ends of the two rods. The general results are briefly as 
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follows. When the magnetising force (H) due to the 
solenoid had reached about 50 C.G.S. units, the weight 
supported was nearly 7000 grammes per square centi- 
metre of the section of the rod. After this value was 
exceeded, it beca ne quite evident that the weight which 
could be sustained was increasing more slowly than the 
magnetising current, and the proportionate increase be- 
came rapidly smaller as the current was made stronger. 
This state of things continued until the magnetising force 
was about 270 units, when the weight supported amounted 
to 10,800 grammes per square centimetre of section. But 
from this point onwards tAe magnetising force and the 
iveight that could be carried increased in exactly the same 
proportion. The rate of increase of the load was, indeed, 
comparatively small, but it was perfectly constant, and 
continued so until the field had attained the high in- 
tensity of 1074 C.G.S. units. Here the experiment was 
stopped, the greatest weight supported having been 15,100 
grams per square centimetre. 

On account of some uncertainty as to the possible 
influence of the external ends of the divided rod, it was 
thought desirable to make the experiment with the 
divided ring, the current being caused to pass in the 
same direction through the coils surrounding both por- 
tions. The general character of the results was the 
same as before, but the weight supported per unit of 
area was from first to last somewhat greater. The falling 
off in the rate of increase of the lifting power was well 
marked when the magnetic force had reached 50 C.G.S. 
units, at which point the weight sustained was about 
10,000 grams per square centimetre ; and it continued 
to diminish until the magnetic force was 250 units and 
the weight supported 14,000 grammes. From this point 
the increments of lifting power and of magnetic force 
appeared to be exactly proportional, and continued to 
be so until the magnetic force had been carried up 
to 585 units, when the limit of the battery power was 
reached and the experiment stopped, the maximum 
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weight supported having been 15,905 grammes per square 
centimetre, or 229*3 lbs. per square inch. 

Detailed results of the experiment with the divided 
ring are given in the first and second columns of the 
table below. A curve, plotted with the magnetic forces 
as abscissae and the weights lifted as ordinates, becomes 
sensibly a straight line inclined to the horizontal axis 
for the values of the magnetic force greater than 240 
units. 

Lifting Power of Electromagnets. 
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K 
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magnetising force. 

magnetisation. 

susceptibility. 

weight in grms. per sq. cm. 
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The above table shows us that, as the magnetising 
force is gradually increased, the magnetic flux density, 
magnetisation, and tractive power all increase also. There 
is no indication, however, that any absolute limit can be 
reached for the tractive power. By the use of a very 
powerful magnet, Mr. Wilde has produced a tractive 
force of 29,676 grammes per square centimetre, or 422 lbs. 
per square inch between magnetised surfaces of soft iron 
— thus far exceeding the amount of 200 lbs. per square 
inch, which was once considered to be a limiting value. 
There is also no indication that the flux density would 
approach a limit. As previously mentioned, the flux 
density in iron has been raised to a value of 40,CXX) 
C.G.S. units or more. There are, however, indications 
that the magnetisation, or intensity of magnetisation (I), 
has a limiting value for each magnetic metal, and, in the 
case of iron, cannot be raised beyond a value of about 
1600 or 1700 C.G.S. units. 

The traction method is occasionally useful as a 
workshop method for determining the permeability of 
iron samples. Special forms of apparatus for doing this 
— called permeameters — have been invented by Prof. 
S. P. Thompson, Mr. Kapp, Dr. du Bois, Prof. Ewing 
and others. As an illustration of the method, the 
following description of an experiment made by the 
Author may be given : — 

Two small horseshoe-shaped or U-shaped electro- 
magnets were made, and the polar end surfaces accu- 
rately faced. The legs of these magnets had a diameter 
of 0*476 centimetres, or a cross-sectional area of c 177 
square centimetres, and the mean length of each magnet 
was 8*75 centimetres. One magnet was suspended, and 
the other placed with its poles in contact with those of 
the first, so that the two magnets together formed a 
closed iron magnet circuit. A measured current was 
then sent through the wire coils, all joined in series in 
such a manner as to cause the poles in contact to attract 
each other. The weight in grammes W required to pull 
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the magnets apart was then determined. The number 
of turns on each leg of each magnet was 385, hence in 
all there were 4 x 385 or 1540 turns of wire. The mean 
length of the whole magnetic circuit was 8*75x2 or 
17 'S centimetres. Therefore, the magnetising force H 
being applied to the iron by a known current of A am- 
peres passing through the coils, and which is equal to 
I J times the ampere-turns per centimetre, is given by 
the equation — 

H-ii X i540A« iioA. 
* 17-5 

The magnetic flux density B across the polar surfaces 
having a total area of contact of s square centimetres, is 
related to the tractive force W by the equation — 



IS7 V^ - B. 
^ s 



Hence, in this case, since s (the total opposed polar 
surface) is equal to 0*354 square centimetres, we have — 

B « 157 X y^ = 264 VW. 

VO*354 

The measurement, therefore, of the current in am- 
peres A which had to be passed through the coils so as 
just to hold up a total weight of W grammes, gives us 
the means of determining the value of B and also of H, 
viz. the magnetic flux density and the magnetising force, 
and hence the ratio of B to H, which is the permeability 
(/a) required. In one particular case it was found that 
a v/eight of 64 grammes just sufficed to pull off* the lower 
magnet when a current of 'Oi ampere was flowing round 
the coils. Hence we have — 

H=: 1*1 

B = 2112; 
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therefore the permeability /a, which is the quotient of 

''112 

B by H, is equal to ^ — = 1920. 

In this way two simple measurements, which can be 
made in the workshop without difficulty, suffice to deter- 
mine the permeability of a sample of iron. 

The student should make, or get made for him by a black- 
smith, two semicircular rings of soft iron. These may be made 
of iron rod one quarter of an inch in diameter. The ends must 
be carefully squared and polished, and made to fit exactly, so 
that when the two halves are put together they make a complete 
ring. Each half ring must then be wound over with several 
layers of No. 18 double cotton covered wire, and before so 
doing it is best to wind on the bare iron a layer or two of silk 
tape. One of these electromagnets is then to be hung up with 
poles downwards to a fixed support. The other must have a 
scale pan attached to it. Weigh the last electromagnet and 
scale pan, and reckon this total weight as a fixed quantity to be 
added to the weight put in the pan. 

Then pass a measured electric current of A amperes through 
both coils, joined up in series, and determine the total weight 
in grammes (W) required to detach the lower magnet. Know- 
ing the total number of turns of wire (N) in both magnets, and 
the cross sectional area s of both pole surfaces taken together, 
calculate by the formula 

H = — Y A = (magnetising fo^^gX 

/w 

B = i57\/ — = (magnetic flux density), 

where L is the mean length of the total magnetic circuit. Then 
from the values of B and H determine the value of (/a) the 
permeability of the iron for the flux density of (B) employed. 

When a piece of iron is held at a distance from the 
pole of an electromagnet it is pulled or attracted towards 
it The reason for this is because the iron, when held in 
a non-uniform field, is acted upon by a mechanical force 
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urging it from places where the field is weak to places 
where it is strong. This mechanical force is proportional 
to the product of th^ee factors, viz. the magnetic suscep- 
tibility (/c) of the body, the strength of the field, and the 
rate at which the strength of the field varies in the 
direction of the movement. Hence there is no tendency 
for a piece of iron to move bodily in a uniform magnetic 
field. If an electromagnet has a pointed pole, then near 
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Fig. 56. — Attraction of a Soft Iron Rod into a Helix traverged 

by a Current. 



that pole the field strength varies very rapidly, and hence 
there is a strong force causing a small mass of iron held 
near it to move up against the pole. In the same way, 
if a rod of iron is held suspended just near the mouth of 
a solenoid, when a current is passed through the sole- 
noid the iron will be sucked into the coil. It is drawn 
in because it tends to move into the stronger field in 
the centre of the solenoid. 
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Advantage of these facts is taken in the construction 
of many electrical instruments and machines. 

It should be noted that a piece of iron, as a whole, has 
no tendency to move along the lines of a uniform field, 
but if one end is in a place of stronger field than the 
other, the iron will tend to move until equilibrium is 
established between the mechanical forces acting on the 
different parts of the bar. If an iron rod is free to move, 



f"'S- 57- — Bourboiue's Electric Motor. 

and is held near the mouth of a solenoid traversed by a 
current (see Fig. 56), it will be sucked into the solenoid 
until it is symmetrically placed with respect to it ; that 
is, until the forces on each end of the bar are in equi- 
librium. 

It is hardly necessary to point out that if, instead ot 
suspending a bar of soft iron from the scale beam, we 
had employed a permanent magnet, then we should have 
had attraction or repulsion, according as the end of the 
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magnet presented to the solenoid is an opposite or a 
similar pole. 

The action of a solenoid on an iron rod is applied in 
the construction of the magneto-electric motor, called 
after its inventor Bourbouze*s motor, in which motion is 
communicated to a flywheel by pistons of sod iron, which 
are alternately sucked into cylindrical coils of wire, 
current being distributed to each in turn by a sort of 
slide-valve arrangement (See Fig. 57.) The alternate 
pulls of pairs of solenoids, operating on plungers of soft 
iron attached to opposite ends of the beam, are made to 
produce oscillatory motion, which is converted into cir- 
cular motion by means of a crank and connecting rod. 

§ 6. Construction of Electromagnets for yarions 
purposes — The form which an electromagnet must 
take, will depend upon the nature of the operations it is 
to perform, or the purpose to which it is to be put. A 
design of electromagnet which is very suitable for some 
purposes, may be very unsuited for others. Supposing it is 
desired to make an electromagnet which shall be capable 
of rapid changes of strength, or possess small residual 
magnetism, it should be made of very pure Swedish 
iron well annealed, and have the form of a short stout 
bar, rather than a long thin one. The reason for this is 
that the ends or poles of a magnet exert a demagnetising 
action upon the mass of the interior of the magnet If 
the iron bar has the form of a long thin bar, or a wire 
whose length is, say, 300 times as great as its diameter, 
then the poles or ends are very far removed from the 
middle, and the demagnetising action is feeble ; and such 
a long thin magnet, even though made of very soft iron, 
will retain a good deal of magnetism after the magnetis- 
ing force is removed. On the other hand, a short thick 
bar quickly demagnetises itself, even without the assist- 
ance of shakes or twists. For the same reason, a soft 
iron ring magnet, with no free poles, retains magnetism 
to a very large extent after the magnetismg force 
removed. When, as in many telegraphic instruments, 
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piece of soft iron, called an armature, is to be attracted. to 
the poles of a horseshoe-shaped electromagnet, this arma- 
ture should be prevented from quite touching the polar 
faces of the magnet, either by the interposition of paper 
or a brass stud. If the soft iron mass does quite touch 
the poles, then it completes the magnetic circuit, and 
abolishes the free poles, and the magnet is deprived to a 
very great extent of its self-demagnetising power. This 
is the explanation of the well-known fact, that after mag- 
netising an electromagnet and then stopping the current, 
it still requires a good pull to detach the " keeper," but 
when once the keeper has been detached, the iron exhibits 
comparatively small magnetic qualities. If the use to 
which the electromagnet is to be applied is that of 
attracting a soft iron keeper or armature, then its form 
will depend upon whether that attraction or pull has to 
be exerted over a large or small distance. In the case 
of ordinary horseshoe electromagnets with flat poles, the 
strength of the magnetic field diminishes very rapidly 
as we recede from them, and accordingly such magnets, 
though attracting with considerable power when the 
armature is very near the poles, exercise but little force 
on the armature when it is a short way removed from 
the poles. It was this fact which rendered the early 
efforts to construct electromagnetic engines so. fruitless. 
If it is desired to construct a magnet which shall exercise 
a strong pull upon a keeper at a very short distance, then 
the magnet should be of horseshoe shape, and have 
broad flat ends kept far apart, and the keeper to be 
attracted should also have large surfaces opposed to the 
polar ends, and its cross-section should not be less than 
the least cross-section of the iron of the electromagnet. 
In the case where a bar electromagnet is used, increased 
effect is obtained by surrounding the bar with a tube of 
soft iron, attached at one end to the base plate which 
carries the bar, and having the other edge level or flush 
with the polar end. (See Fig. 58.) The outer iron 
case serves to decrease the reluctance of the circuit, and 
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to strengthen the field just above the polar surface of the 
magnet. If the electromagnet is employed to produce a 
pull over a great distance, means must be adopted to 
prevent a very rapid rate of dimi- 
nution of the field in receding from 
its poles. An ingenious device 
for doing this is adopted in the 
Thomson- Houston dynamo, and is 
also applied in the arc lamps of the 
same inventors. The pole of the 
electromagnet is prolonged into a 
sort of nose (see A, Fig. 59), and 
the armature to be attracted is 
pierced vi-ith an aperture through 
which this nose protrudes. The _. „ ^ . , 
effect of this contrivance is to llil,"'. 
render the pull of the magnet on 
its armature more uniform and operative over a greater 
distance. At one time, Mr. Joule occupied himself a 
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good deal with the question of the best method of 
producing electromagnets which could support great 
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weights, or which could exercise immense attractive 
power over armatures in contact with their poles. After 
many experiments he discovered that the most effective 
form was obtained by taking a thick cyHnder of soft 
iron, boring a hole lengthwise through it, planing over 
one side of the cylinder so as to expose the longi- 
tudinal hole, and providing the horseshoe sectioned 
bar with a long segment-shaped piece of soft iron, as 
a keeper. (See Fig. 60.) The iron cylinder was then 
wound over lengthwise with strands of insulated wire, 
and the magnet and keeper provided with means for 
supporting and attaching to them weights rsspectively. 



Fig. 60. — Joule's Electromignet. 

Mr. Joule in this way constructed a magnet weighing only 
15 lbs., but which could support a weight of 2090 lbs. 

A magnet, devised by Mr. Currie as a long-pull 
electromagnet, for working railway signals at a distance, 
is constructed as shown in Fig. 61. The magnet is a 
tubular magnet, or solenoid, wound on a brass tube with 
an outer iron sheath. The armature is a mushroom- 
shaped piece of soft iron. The stalk is conical, and 
projects into the solenoid. The action of the magnet is 
as follows. The first operation is the attraction of the 
stalk into the core, then as it enters the core the 
mechanical force on it gets less, but the mushroom head 
now is approximated to the polar surfaces of the outer 
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iron sheath, and it is in turn attracted ; the joint efiect 
being to give a considerable pull over a large range. 

The larger uses of electromagnets in dynamo-electric 
machinery are confined generally to the production of 
a magnetic field as intense as possible. The electro- 
magnets in a dynamo machine, whose function it is to 
produce the magnetic field in which the armature coil 
revolves, are called the field magnets. I'leld magnets 



Fig. 61.— Currie's Long-piill Electromagntt. 

are made in many different forms. In some, such as the 
Edison dynamo, they take the form of round bars or legs, 
united by a square yoke, and having at the bottom 
massive pole pieces. (See Fig, 62.) In the earlier 
Edison machines, these legs were made rather long and 
thin, and the magnetic leakage of flux from leg to leg 
was lai^e. By adopting shorter and thicker legs, Dr. 
Hopkinson improved the machine, and obtained a greater 
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inter-potar magnetic flux density for the same or less 
ma^etising force. 

Electromagnets of a great variety of forms, as shown 



Fig. 02.— Edison Djnamo (old torm). 

in Fig. 63, are employed for the field magnets of dy- 
namos. In all these cases the object aimed at is to obtain 
the required field with the least expenditure of magnet- 
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ising force and material. If the poles of the field magnet 
are placed downwards on a cast-iron bed-plate, then it is 
necessary to interpose a thick plate of zinc or gunmetal 
to prevent contact between the polar ends and the iron 
bed-plate, otherwise a magnetic short circuiting would 
take place which would reduce the strength of the inter- 
polar field. In the form of field magnets shown in 
6 and 7 in Fig. 63, there is a pair of horseshoe magnets 
placed with poles against one another, and there is there- 
fore no such difficulty. In other cases, single U-shaped 
magnets are placed with poles uppermost, with the object 
of altogether removing the pole pieces from the neigh- 
bourhood of the bed-plate. (17, Fig. 63.) In some 
cases, electromagnets have been constructed with cores 
of cast iron, chiefly with the object of reducing expense. 

The magnetic permeability of cast iron is, however, 
very much less than that of wrought iron, and hence a 
given magnetising force, consisting of a certain number 
of ampere-turns per centimetre of length, is less effec- 
tual in producing magnetic flux. In modern dynamo 
machines, generally nothing but the best cast steel, or 
wrought iron of the highest permeability, is used for field 
magnet construction. 

If the coil of an electromagnet is traversed by alter- 
nating or intermittent electric currents, then, at every 
variation in the current strength, induced currents will be 
generated, which will circulate in the mass of the metal. 
The path of these currents is in directions parallel to the 
coils of the exciting helix. These induction currents 
dissipate energy in producing heat in the iron core. This 
heat represents so much energy abstracted from the mag- 
netising current. If the continuity of the iron core is 
interrupted, by making it of iron wire or thin sheets of 
iron, so as to cut it up in such a direction that these 
currents cannot be formed in it, then there will not be 
this waste of energy. These currents which are thus 
produced in the iron core are called the eddy currents 
in the core. Foucault first gave an instance of their 
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formation by rotating a copper disc rapidly between the 
poles of an electromagnet. The disc became very hot. 
If a penny be suspended between the poles of a powerful 
electromagnet by means of a twisted thread, when it is 
released it commences to spin rapidly. If the electro- 
magnet be excited so that the penny is revolving in a 
strong magnetic field, it rapidly comes to rest. The 
reason for this is that the motion of the penny generates 
in Its mass, under the influence of the magnetic field, 
eddy currents, which are in such a direction as to 
oppose the motion. If the penny be forcibly twisted 
against this resistance, then the energy so expended has 
its equivalent in heat produced in the metal by these 
eddy currents. 

Foucault showed that the forcible rotation of a highly 
conducting disc in a strong field can generate in it heat 
sufficient to bring it to a very high temperature. In all 
dynamo machines the armature, or revolving bobbin of 
wire, by which the current is generated, consists essen- 
tially of an iron core, wound over with covered copper 
wire or with copper bars, and it revolves in a strong mag- 
netic field. Such a core, if made of solid iron, would be 
almost immediately rendered hot enough to destroy the 
insulation of wire wound over it. It is necessary to con- 
struct this core in such a manner as to prevent the 
formation of these eddy currents. This is done by 
making the core of discs or sheets of thin iron, separated 
from each other by a layer of varnish or thin paper, or 
some nonconducting material. It may be also accom- 
plished by constructing the core of iron wire rolled up, 
but in any case the planes or lines of division must be 
parallel to the direction of the magnetic field, because 
the induction tends to create eddy currents in planes at 
right angles to the field ; and hence the subdivision of 
the iron must be so arranged as to defeat this, and render 
impossible any electric flow in the direction at right 
angles to the direction of the field. 

In the instrument commonly called an induction coil, 
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we have an arrangement which consists essentially of an 
electromagnet, the wire of which (called the primary) is 
traversed by an intermittent or an alternate current In 
order to avoid the production of eddy currents, the core, 
either straight or annular, is constructed of iron wires or 
thin iron plates. These are oxidised or rusted on the 
surface by exposure to the fire, and this film of oxide is 
sufficient to form an obstacle to the production of cur- 
rents across from wire to wire, whilst, at the same time, 
the continuity of the iron is preserved in the direction in 
which it is essential it should have the greatest possible 
magnetic permeability. 

§ 7. Measurement of the Field Strength of a 
Electromagnet. — There are many ways in which the 
strength of the magnetic field, or the magnetic flux 
density in the air at any point near an electromagnet, 
may be measured. Of these the most simple and prac- 
tical are : (i) the measurement of the field by com- 
parison with another known field ; (2) the measurement 
of the field by the ballistic galvanometer ; and (3) the 
measurement of the field by means of the increase in 
electrical resistance of a pure bismuth wire placed trans- 
versely in that field. 

The first method is only applicable in the case of 
the measurement of rather weak fields. The field due 
to a magnet at any point in its neighbourhood may be 
measured by comparing it with the known magnetic 
field of the Earth. The Earth is a great magnet, and at 
every point on the Earth's surface the terrestrial mag- 
netic force or flux density has a certain direction and a 
certain magnitude. The magnetic force due to the Earth, 
estimated in a horizontal direction at any place, is called 
the Earth's horizontal magnetic force at that spot. In 
England that magnetic force has a magnitude of about 
0"i8 of a unit C.G.S. A compass needle sets itself, if 
undisturbed, in the direction of that horizontal force. 

If, then, a small compass needle or exploring needle 
is placed at any point in the field of an electromagnet 
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(see Fig. 64), and if the electromagnet is so arranged 
that the direction of its own field at the place where the 
compass needle is situated is at right angles to the direc- 
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Fig. 64. 

tion of the Earth's horizontal force at that point, then 
when the two fields, the Earth's field and the magnet's 
field, act together on the compass needle, each pole of 
the needle is influenced by- 
two magnetic forces which 
are at right angles to each 
other. 

Let the line N E (see Fig. 
65) stand for the direc- 
tion and magnitude of the 
Earth's horizontal force on 
the North pole of the com- 
pass needle, and N M stand 
for the magnetic force due 
to the electromagnet on the 
same pole. Then the resultant of these forces is N R, 
and the direction in which the compass needle will stand 
when acted upon by both fields is N R. Hence the needle 
has been caused by the magnet to deviate by an angle 




Fig. 65.-Measurement of Magnetic 
Field Strength of an Electro- 
magnet at a Point on the Axis. 
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E N R s= ^ from its original undisturbed position. The 
ratio of the lengths NM = ER to EN is called the 
tangent of the angle E N R. Hence, if this angle is 
observed, and its tangent taken from the tables, we have 
the relation 

N M = E N tan E N R, 

or the magnetic field due to the electromagnet is nu- 
merically equal to the value of the field due to the Earth 
multiplied by the tangent of the angle of deviation of the 
needle. But the line E N represents a magnetic force of 
o* i8 of a unit. Hence we have the rule — * 

Magnetic field due to] f Tangent of angle of 

the electromagnet at ?= o* i8 s deviation of compass 
the point Nil needle. 

The student should in this manner measure the magnetic 
field due to a small straight short magnet at various points 
in the axial and equatorial lines,t and plot out in a curve 
the variation of this field with distance from the electromag- 
net. In the case of a short magnet, the field parallel to the 
magnet at various points along the equatorial line varies in- 
versely as the cube of the distance from the magnet. For the 
method of making these measurements the reader may consult 
the author's * Electrical Laboratory Notes and Forms,' Elemen- 
tary Form No. i. 

In the case of stronger magnetic fields, the ballistic 
galvanometer may be employed to make a measure- 
ment of the strength of the field at any point. For this 
purpose a small coil of very thin insulated wire is pre- 
pared. This coil may be wound in one layer on a box- 

• Provided the experiment is conducted at a place where there is no 
other field than the normal field due to the Earth. This, however, is far 
from being the case. Iron hot-water pipes in a room greatly disturb the 
direction and strength of the terrestrial field. 

t In the case of a shori magnet, the field at any point on the axial line 
some way from the magnet is twice that on the equatorial line at a point 
the same distance from the centre of the magnet. From this fact it can be 
shown that the magnetic force due to a magnetic pole varies inversely as 
the square of the distance. 
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wood bobbin. The number of turns of wire on this coil 
must be known. 

The coil is connected by long wires to a ballistic 
galvanometer. This galvanometer must be previously 
calibrated, in the manner described on p. 157, so that 
any deflection or " throw " of the needle being observed, 
the quantity of electricity measured in microcoulombs 
which has produced that ** throw " is known. 

Let the exploring coil be held anywhere in the 
field of an electromagnet, so that the plane of its coil 
is at right angles to the direction of the field at that 
point, then the turns of the coil are perforated by or 
linked with a stream of magnetic flux. If this coil is 
suddenly snatched away, the whole of this flux is re- 
moved from the coil circuit, and sets up in it an induced 
electromotive force. If the resistance in ohms of the 
galvanometer and coil circuit is measured, we then 
have, by the rule given in Chapter VI., a relation be- 
tween the number of turns on the coil (the linkages), 
the resistance (in ohms) of the coil and galvanometer 
circuit, the quantity (in microcoulombs) of electricity 
set flowing through the galvanometer (known from the 
deflection or " throw ") by the removal of the flux (mea- 
sured in microwebers) from the coil circuit, as follows : — 

Microwebers x linkages = microcoulombs x ohms. 

Hence we can calculate the flux in microwebers pene- 
trating the coil aperture. If the area of the aperture 
is measured, we then know the flux per unit of area 
or flux density, reckoned in microwebers per square 
centimetre, at the centre of the coil, and this figure is 
the numerical value of the magnetic field at the centre 
of the coil. 

The above method is very useful for measuring the 
interpolar field of strong electromagnets. 

If, however, the place in which we wish to measure 
the field is very narrow, or not otherwise suitable for the 
employment of the ballistic coil, we can then measure 
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the field strength at that point by the use of a bismuth 
wire. Pure metallic bismuth has the remarkable pro- 
perty that its electrical resistance is immensely increased 
|)y a transverse magnetic field. If a wire of the metal 
is placed across the lines of a field, and its resistance 
measured (as described in a . later chapter) when the 
field is "on" and when the field is "off," we find the 
bismuth wire has a far greater resistance in the former 
case than the latter. 

Some notion of the kind of increase in resistivity of 
bismuth, when a wire of it is transversely magnetised, can 
be obtained from the following figures : — 

Increase in Resistivity of Pure Bismuth 
WHEN Transversely Magnetised in a Magnetic Field. 



Strength of the Field 


Electrical Resistivity of the 


in C.G.S. Units. 


Bismuth in C.G.S. Units. 


O 


116,200 


1,375 


118,200 


2,750 


123,000 


8,800 


149,200 


14,150 


186,200 


21,800 


257,000 



Hence it is seen that a field of 20,000 C.G.S. units 
more than doubles the resistance of the bismuth. 

A convenient form of instrument to use for taking 
the field strength in the narrow air gap of a dynamo, is 
the bismuth spiral as constructed by Messrs. Hartmann 
and Braun. In this instrument, a small flat spiral of 
pure bismuth wire is attached to a suitable handle, and 
the spiral can be introduced into any narrow gap, and 
the resistance of the bismuth measured when it is held 
there and traversed by a magnetic field- From this 
measurement in the field, and another similar one made 
out of the field, the field strength can be determined at 
once from a calibration curve which accompanies each 
instrument 
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§ 8. Effect of Heat on Magnetic Properties. — 
Rise of temperature has a marked effect upon the mag- 
netic properties of the ferromagnetic bodies, iron, nickel 
and cobalt. For each one of these substances there is 
a temperature called the Critical TemperaturCy beyond 
which it is not more magnetic than most paramagnetic 
substances. That is to say, its permeability sinks to 
nearly unity, and it becomes in popular language non- 
magnetic. For iron, this temperature is about a good 
red heat, or lies somewhere between 690'' C. and 870° C. 
If a small fragment of stout iron wire is suspended by a 
fine platinum wire, so that it can be heated by a spirit 
lamp or gas flame red hot, it is easy to show the above 
fact with an ordinary horseshoe magnet. Suspend the iron 
wire from a stand, and fix a horseshoe magnet at such 
a distance that it will attract the iron to its poles. Then 
holding the iron away from the pole, heat it to a bright 
red heat, and leave it suspended in front of the magnet 
poles. It will be found not to be attracted. As it cools, 
a temperature is reached at which it recovers ferromag- 
netic properties, and suddenly flies to the pole of the 
magnet. The critical temperature varies for different 
specimens of iron. It lies, however, between 690° C. and 
870° C. The critical temperature of nickel is between 
300° C. and 400° C, but that of cobalt apparently much 
higher. 

Beyond these temperatures all ferromagnetic bodies 
become changed into paramagnetic bodies, with a con- 
stant permeability independent of the flux density. 
The magnetic permeability of iron undergoes remark- 
able changes as the temperature rises. If magnetisation 
curves are drawn for iron at several different tempera- 
tures, the curves cross each other at certain places. The 
cur\'es shown in Fig. 66 are magnetisation curves for 
soft iron at three different temperatures. If from these 
magnetisation curves a series of permeability curves 
are drawn, indicating the permeability for different tem- 
peratures and for different magnetic forces, it has been 



224 



MAGNETS AND ELECTRIC CURRENTS. 



found that the permeability under large magnetic forces 
decreases steadily as the temperature rises. The per- 
meability for small magnetic forces, however, steadily 
increases (with the exception of a curious temporary 
drop at about 550° C ) until the critical temperature is 
nearly reached, and at this point the permeability may 
have the enormous value of 8000 to 10,000. Immedi- 
ately the critical temperature is reached, the permeability 
falls with great rapidity to quite a small value, as shown 
in Fig. 67. 
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In the same way the hysteresis loss in the iron 
gradually diminishes as the temperature rises, as shown 
by the ordinates of the curve in Fig. 68. At the critical 
temperature the hysteresis disappears, and no work is 
then done in carrying the iron round a magnetic cycle. 
If a series of hysteresis loops are drawn for different 
temperatures, it is found that they gradually close up 
and diminish in area as the temperature rises. 

At the critical temperature, the electrical resistivity 
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of iron also undergoes a remarkable change. Up to 
that point the curve of resistivity of iron in terms ef 
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Fig. 67. — Variation of Magnetic Permeability with Temperature* 

(D. K. Morris.) 

t 

X 

leooo 

X 

J 



^5 



2000 



^ 









\ 






Temper 


ajtuure 




— 



200* 



400* 



600' 



600'C. 



Fig. 68. — Variation of Hysteresis Loss in Iron with Temperature. 
Iron annealed at 1050^ C. (D. K. Morris.) 

the temperature is a curve which is concave upwards 
At the critical temperature the curve changes its direc- 
tion of curvature and becomes concave downwards 

Q 
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There is, therefore, a point of contrary flexure at the 
critical temperature. In fact, at the critical temperature, 
the whole of the physical properties of the substance 
we call iron are greatly changed, and it passes into 
a so-called allotropic form. Its magnetic, electric, and 
thermo-electric properties are entirely altered at a tem- 
perature near 8do° C. 

§9. Effects of Magnetisation upon the Length 
and Physical State of Iron. — It has been known for a 
long time that when an iron bar is strongly magnetised 
a sound, or " tick," is heard proceeding from it. This 
is called the Magnetic Tick, If an electromagnet is 
placed in one room, and a current sent to it by long 
wires, the circuit being closed in an adjacent room, an 
observer placing his ear to the iron will hear a ticking 
sound each time the iron is magnetised or demagnetised. 
If the magnetisation and demagnetisation proceed very 
rapidly, the ticks run together into a musical note or 
hum. This can best be heard by placing a wooden 
stick against the iron core of a transformer and pressing 
the ear against the other end. This humming sound 
indicates a molecular disturbance in the iron at the 
moment of reversing the magnetisation. 

When an iron bar is magnetised it also undergoes 
changes in dimension. This was first investigated by- 
Joule, who came to the conclusion that the bar is always 
lengthened by magnetisation. The subject of late years 
has been carefully investigated by Bidwell, and he has 
shown that, in the case of iron bars which are unannealed 
or not very well annealed, the result of magnetisation is 
to lengthen the bar, if the magnetising force has less than 
a certain value. For very strong magnetising forces the 
bar actually contracts or shorte7is in length. 

If, however, the bar is. of exceedingly soft iron, very 
well annealed, then magnetisation will produce a contrac- 
tion in length, no matter how small the magnetising 
force. In the case of nickel and cobalt, magnetisation 
hy any force produces a contraction in length. There 
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appears to be also evidence of a change in volume on 
magnetisation. 

§ 10. Molecular Theory of Magnetism. — On re- 
viewing the whole of the known facts concerning the 
magnetisation of ferromagnetic bodies, they lead to the 
conclusion that magnetisation, in the case of ferromag- 
netic bodies at least, consists in arranging in the same 
direction or colineating a number of small particles or 
portions of the body which are already and always small 
magnets. It is no explanation of the ultimate nature of 
magnetisation merely to postulate that a magnet of sen- 
sible size consists of small portions, each of which is a 
magnet, but at the same time it is in itself an important 
fact. 

It IS now believed that a mass of iron is made up of 
what are called molecular magnets. These may be single 
molecules or groups of molecules. There are, however, 
facts which point to the conclusion that it is not the atom 
of iron which is magnetic but a certain group of atoms 
arranged in a particular way. 

These molecular magnets are, for the most part, quite 
free to turn round their centres like little compass-needles. 
In a mass of iron which is, in the ordinary sense of the 
word, non-magnetic, these molecular magnets must be 
assumed to group themselves in such a way that they 
have no external magnetic moment For this purpose 
closed chains or loops of molecular magnets must be 
formed, each molecular North pole neutralising another 
molecular South pole. 

When an external magnetising force is applied to the 
iron it breaks up these closed rings and more or less co- 
lineates the molecular magnets, or makes them stand in 
one direction. To do this the mutual attraction of 
opposite poles has to be overcome ; hence work is done 
in magnetisation in pulling apart the opposite poles of 
the molecular magnets. If we apply a very small mag- 
netising force, the result is merely to strain the molecular 
magnets from their initial position. If that force is 

Q 2 
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withdrawn, the molecular magnets drop back into their 
old position. This constitutes the initial stage of mag- 
netisation. If, however, the force is increased beyond a 
certain point, there is a more or less rapid commotion 
amongst the magnetic molecules causing them to fall 
over into a new position of equibrium, in which they are 
much more colineated. This is the second stage of 
magnetisation, in which the magnetisation curve rises 
rapidly. When once the molecular magnets have fallen 
over into the second stable position, the result of a 
further application of magnetising force is to make but 
little further increased colineation of the molecular mag- 
nets. Hence, in the third stage of magnetisation the 
magnetisation curve rises very slowly. There are there- 
fore three stages in the magnetisation of iron : — 

(i) An elastic stage, in which only temporary displace- 
ment of the molecular magnets takes place under small 
forces. 

(ii) A catastrophic stage, in which a complete change 
of position takes place within a narrow range of increased 
force. 

(iii) A final stage, in which small increased displace- 
ment accompanies great increase in the force. 

If we attempt to reverse the process and reduce the 
magnetisation, we cannot do it by simply withdrawing 
the force. We have to apply an augmented negative or 
reversed force to bring the molecular magnets again into 
a position in which they fall over into more or less closed 
chains. Hence both operations require work to be done 
against the mutual attraction of the poles of the mole- 
cular magnets. The work so expended is frittered away 
into heat in setting up vibrations in the molecular mag- 
nets. This is the energy loss by hysteresis. The 
increased permeability under small forces due to heating 
the iron must arise from the greater freedom which the 
heating of the metal bestows upon the molecular mag- 
nets ; a freedom which involves a greater ease of co- 
lineation of the molecules under a given force. In order, 
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however, to explain the diminished permeability under 
large forces, we must suppose that rise of temperature 
has two actions. On the one hand, it reduces the mag- 
netic moment of all the molecular magnets, or at least 
of some of them, and hence, on that account alone, 
the magnetic result of colineation is less marked. On 
the other hand, it renders it easier for the molecules to 
be colineated, gives them, so to speak, more elbow-rcom ; 
and, under the action of weak forces, the gain from the 
increased freedom of movement for the moment more 
than counterbalances the decreasing actual average mag- 
netic moment of each magnetic molecule. Ewing has 
shown that we need not assume anything more than 
mutual magnetic attraction between the poles of mole- 
cular magnets to explain all the phenomena of magnetic 
hysteresis. 

A very instmcliv^ model can be made, as first shown by 
Ewing, by placing a large number of small compass needles to- 
gether so as to influence each other's action. Procure a couple 
of dozen of the small cheap compass charms^ and take out the 
little compass needles from them. These needles should be 
about three-eighths of an inch or half an inch long. On a sheet 
of glass fix 16 small drawing pins, sticking the heads of the pins 
to the glass by isinglass cement. The pins should be placed at 
regular intervals, and so far apart that when the small compass 
needles are placed upon them the needle poles do not quite 
touch. It is convenient to arrange 16 or 25 in a square form. 
Then mount over this another sheet of glass so that the needles 
cannot fall off the pivots. If these little magnets are all stirred 
up they will generally arrange themselves in an irregular manner. 
In this condition the little magnets will hardly affect a single 
compass needle placed a little way off. The group has no ex- 
temal magnetic moment. These little magnets represent then 
the condition of the molecular magnets forming a ferromagnetic 
body when that body is not magnetised. 

Bring up then, gently, to the group, the two opposite poles 
of two bar magnets, and notice what happens. The little 
compass needles will be slightly displaced, but will go back to 
their old positions if the bar magnets are withdrawn again. If 
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however, the bar magnets are brought up closer, then the little 
compass needles will tumble over into a new position, in which 
they will be more nearly in one direction. If the bar magnets 
are then withdrawn, they will fall back a little, but not much, 
from this new position. The model therefore imitates the first 
and second stages of magnetisation, and also the residual 
magnetisation or phenomenon of magfietic retentivity in irori. 
If the bar magnets are brought up closer still, the result is 
merely to effect a little more colineation of the small needles, 
and thus an imitation of the third stage of magnetisation. 
The model therefore represents the effect of retentivity, 
magnetisation and hysteresis, and can be shown also to imitate 
the action of high and low temperature on permeability. A 
careful examination of the behaviour of such a model, formed 
of a large group of small compass needles, will enable the 
student to see that there are good groimds for believing that 
it is a true representation of what really occurs during the mag- 
netisation of iron. 

It will be seen to be an immediate consequence of 
this theory that, if a mass of laminated iron is revolved 
in a very strong fixed magnetic field, or if a very 
strong magnetic field is made to revolve round a mass of 
laminated iron, there should be no hysteresis loss. Por, 
under these conditions, the magnetic molecules will be 
held so firmly in the grasp of the magnetic field that they 
will not be able to execute free vibrations in falling from 
one position of magnetic equilibrium to another, and 
hence there will be no dissipation of molecular energy 
into heat. This has been found to be the case. If a 
rhin disc of iron is rotated in a strong magnetic field, with 
its plane parallel to the lines of flux, it is found that no 
energy is dissipated in hysteresis if the field is very 
strong.* If the field is not strong, then energy is dissi- 
pated by hysteresis during each revolution of the disc 
This fact aflbrds support to the theory of hysteresis, 
which consists in regarding the energy- losses during 

• This was first proved by Mr. F. G. Baay, and cooJinncd bT eznm- 
ine&ts made by Messrs. Bcaitie and Clinker. J •=*!«>• 
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magnetic reversals as due to the irreversible work done 
in displacing the magnetic molecules against their mutual 
attraction from one position to another, this work being 
frittered away into heat by molecular vibrations set up 
in consequence of the magnetic molecules springing from 
one condition of magnetic stability to another. 
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CHAPTER VIII. 

ALTERNATING OR PERIODIC CURRENTS. 

§ I. Alternating Currents. — We have hitherto limited 
our attention to the properties and measurement of con- 
tinuous currents of electricity. Modern applications 
of electric currents involve, however, to a very large 
degree, the utilisation of electric currents which do not 
continuously flow in one direction, but which change or 
alternate in direction many times in a second. Such 
currents are called Alternating Currents^ and their study 
introduces the student to a new class of difficulties and 
ideas. In order to gain a clear notion of the nature of 
these currents, let the reader think of a river like the 
Thames at Oxford. The water in this river always flows 
in one direction, and it would, in electrical language, be 
called a continuous river. Consider, in the next place, the 
same river at London Bridge. At that place the water 
in the river sometimes flows down to the sea, and some- 
times flows up in the opposite direction, owing to the 
action of the tidal wave. Hence the water-flow is not 
continuous, but at regular intervals reverses the direction 
of its flow, and goes through a cycle of motions. The flow 
is said to be alternating. In the same way, if a current of 
ekctricity in a conductor flows first in one direction and 
then in the opposite, as determined by the direction of 
the embracing magnetic flux, and if it repeats this re- 
versal of direction at regular intervals, the current is 
called an alternatiftg current. The time in which an 
entire cycle of operations is completed is called the 
Periodic Time, The number of periods completed in 
a second is called the frequency^ and denoted by the 
sign %. Hence lOO 'V means a frequency of lOO, or a 
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periodic time of 'Oi of a second. The frequencies of 
alternating currents mostly used in practice lie between 
the limits of 30 'X,. and iSOOr. A very useful frequency 
is 100 %. . 

It is necessary to have some method of delineating 
the manner in which the current or electromotive force 
is changing during the period, in the case of alternating 
currents and electromotive forces, and this is done in 
one of three ways by diagrams, called respectively — wave 
diagrams y polar diagrams^ and clock diagrams, 

§ 2. Graphical Representation of Alternating 
Currents. — The simplest method of delineating the 
changes that take place during the period in the case of 
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Fig. 69. — Wave Diagraiq of an Alternating Current 

alternating currents is by a wave diagram. Let a hori- 
zontal line be taken (see Fig. 69), the length of which 
represents to a convenient scale the periodic time of the 
current. Divide this line into any number of parts, say 
1 2 ; at each point of division let a vertical line be erected, 
the length of which represents to some suitable scale the 
strength of the current in the conductor at that instant 
during the period, and let these vertical lines be drawn 
above the horizontal line if the current they represent is 
in one direction in the conductor, and below the hori- 
zontal line if the current is in the opposite direction. If, 
then, the extremities of these vertical lines are joined by 
a curve, we obtain a wavy line which represents the ebb 
and flow of the current in strength during the period. 
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The current flows first one way with increasing 
strength, then reaches a maximum, and then dies down 
to zero ; then reverses in direction, apd increases to a. 
maximum in the opposite direction, and then gradually 
becomes zero again. The wavy line represents this 
periodic process. Reckoning time from the instant 
when the current has a zero value, we may express any 
fraction of the periodic time by stating it in degrees^ the 
whole period being considered to contain 360**. The 
phcise of the current at any instant is the fraction of the 
whole period which has elapsed up to that instant, ex- 
pressed in degrees, the whole period being 360° Two 
currents may differ in phase, in which case one is said to 
lag behind the other, or to be out of step with it, and 
when this is the case both currents do not come to their 
zero value at the same instant. This can be represented 
by drawing two wave diagrams on the same horizontal 
or time line. Alternating currents may also differ in 
their maximum value during the period, and hence to 
define them we require to know not only their periodic 
time, but their amplitude or maximum value during the 
period. 

Alternating currents may differ also in wave form 
or in the mode of variation of the current during the 
period ; and the wave form, amplitude, and wave length 
or periodic time being given, we can define exactly the 
alternating current in question. 

The second graphical method is by a polar diagram. 
Imagine a straight line O P to revolve with uniform speed 
round one of its extremities O, and that it performs one 
revolution in the periodic time of the current. Then 
suppose that on this line, at each instant, a length is cut 
off or set off proportional to the strength of the current 
at that instant This is called the instantaneous value 
of the current The line or path described by the end of 
this revolving line is called a Polar Curve (see Fig, 70), 
and the radii of this polar curve represent the N-ai^nng 
values of the fluctuating current during the period. This 
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Fig, 70. — Polar Diagram of an Alter- 
nating Current 



polar curve will always consist of two closed loops if it 
represents the complete wave of an alternating current 

The third method 
of represcTiting alter- 
nating currents is by a 
clock diagram. 

Let a straight line 
O P be taken, the length 
of which represents to 
some scale the ampli- 
tude or maximum value 
of an alternating cur- 
rent. Let this line re- 
volve (see Fig. 71) 
round one end O like the hand of a clock. Through 
the centre of revolution O draw a vertical line X Y, and 
at any instant project the length of the revolving line 
O P on this vertical line. 
Then it is easy to see that 
the projection Op will grow 
and shrink, first increasing 
to a maximum, and then 
waning to zero ; and if dis- 
tances projected on this ver- 
tical line above the centre 
are considered as positive, 
and distances below as nega- 
tive, then the length of the 
projection becomes alter- 
nately positive and negative, 
and it can represent the 
varying or fluctuating values 
of the current during the 
complete phase. Each of these diagrammatic methods 
has some particular advantage of its own. 

§ 3. Root-Mean-Square Value of an Alternating 
Current. — Since the strength of an alternating current 
during the period runs through a cycle of values, we 
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Alternating Current. 
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the rate of change of the sine^ or the change or increment of the 
sine per degree of angle, is represented by the cosine curve. In 
other words, the cosine of an angle expresses to a certain scale 
the rate at which the sine of that angle is waxing or waning. 

A very large class of alternating currents are pro- 
perly represented by a sine curve, and are thus called 
Sine Curve Currents, or simple harmonic or simple 




Fig. 72. — Sine, Cosine, and Tangent Curves. 

periodic currents. One important property of these 
currents is, that if we suppose a wire simultaneously 
traversed by a number of simple harmonic currents of 
wave-lengths or periodic times, in the ratio of i : 3 : 5 : 7, 
&c., and if we suppose these currents can be varied in 
relative phase and in amplitude, then we can imitate any 
kind or shape of alternating current by suitably adjust- 
ing the relative phase and amplitude of these component 
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sine waves. Sine curve currents of the above kind are 
therefore like bricks, out of which we can build a wall 
having any outline we please by suitably piling the bricks 
one upon the other. 

Since many machines for producing alternating cur- 
rents generate a current which is closely similar to a sine 
curve current, we shall, in the first place, study the pro- 
perties of these currents, and then, subsequently, modify 
these notions to include other forms. 

§ 6. Addition of Alternating Currents. — When we 
desire to add together two things, the result at which we 
wish to arrive is their joint effect. If the things to be 
added are such things as masses, energies or volumes, all 
that is necessary is to arithmetically add together their 
numerical values. Thus, a mass of 8 lbs. added to a 
mass of 5 lbs. is equivalent to a mass of 1 3 lbs. Such 
quantities are called Scalar QuantitieSy because they are 
added together like lengths on a scale. There are other 
quantities, which, however, cannot be completely de- 
scribed without stating two things about them, viz. their 
direction as well as their magnitude. Thus forces cannot 
be added together simply by adding arithmetically their 
numerical values, unless we know that they act in the 
same direction. If they act in different directions, then 
they have to be added by ^^parallelogram method. In 
the case of these last quantities, called Vector Quantities^ 
which have direction as well as magnitude, we can always 
represent them by straight lines, so drawn that the 
lengths and directions of the line'denote the magnitude 
and direction of the vector quantity in question. If, 
then, the line O A represents one force acting on a body, 
and O B represents another force acting on it at the 
same instant, the joint effect of these two forces O A, 
O B is as if a force O C, represented by the diagonal 
of the parallelogram formed on O A, O B, had acted 
instead. O C is called the resultant of O A and O B. 

Electric currents belong to the category of vector 
quantities. Hence, if two alternating currents of different 
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amplitudes and differing in phase flow at the same time 
in one conductor, they give rise to a resultant current, 
the amplitude and phase of which is found from those ot 
the two component currents by the parallelogram law. 

Suppose, then, that the line O P (see Fig. 73) revolvmg 
round O represents in a clock diagram the amplitude or 
maximum value of an alternating current, and hence the 
fluctuating value of the projection of O P, as it resolves, 
on the line XY represents the various instantaneous 
values of the alternating current in question. 

Then let the line O Q represent another alterriating 

current exist*n^ at the same time in the same circuit, 

and differing from O P 

yr T% ^^ phase and ampli- 

_ ,ji ^^^^ TheanglePOQ 

represents the differ- 
ence in phase between 
the two currents. To 
obtain the joint effect 
of the currents O? 
and O Q coexisting 
in the same wire, we 
simply complete the 
parallelc^^ram on O P, 
OQ, and draw the 
diagonal OR. This 
diagonal represents the maximum value or amplitude of 
the resultant of the two currents O P, O Q, and also its 
relative phase with respect to them. 

If, then, we suppose the lines O P, O R, O Q to re- 
volve round O, all rigidly fixed tc^ether like the hands 
of a toy clock, tiie fluctuating projections O/, O ^, O r of 
these lines on the line X Y will represent the instanta- 
neous values of the components and resultant alternating 
currents. In clock diaprams it is convenient tc% ' ' 




Fig- 73. 



-«'w*.^c an alternating current ij tf 
maximum value or amplitude is O P. 
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With regard to the projections of the lines O P, O R, 
O Q, on X Y, one important fact must be noticed. This 
is, that at all moments and positions of the parallelogram 
R P O Q, the projection O r of the resultant O R is equal 
in length to the arithmetic sum of the projections 0/ of 
O P and O ^ of O Q. The student will have no difficulty 
in seeing this, if he notices that the length of the projec- 
tion 'oi the line P R on X Y is equal to that of the pro- 
jection of an equal and parallel line O Q on the same 
line X Y. Hence, if O P, O Q represent the maximum 
values of two alternating currents existing at the same 
time in the same conductor, their corresponding instan- 
taneous values Opy Og added together give the value 
at the same instant, viz. Or, of the resultant current 
O R. This is of course obvious, as the instantaneous 
value of the resultant current is simply the arithmetic 
sum of the instantaneous values of the component cur- 
rents existing at the same moment in the same direc- 
tion. All that has been said above as to the process 
of addition of alternating currents equally applies to 
the addition of alternating electromotive forces, and to the 
representation of these last by straight lines on a clock 
diagram. 

More than two alternating currents or electromotive 
forces can be added together if co-existing at the same 
time and place, by adding them in pairs until a final 
resultant is reached, or by a method similar to that 
called the Polygon of Forces in mechanics. If a number 
of alternating currents, represented as regards maximum 
values by straight lines drawn in different directions, 
to represent their proper relative phases, flow simulta- 
neously in a conductor, we can obtain their joint effect 
by drawing a polygon, the sides of which are equal and 
parallel to the current lines, and the line requisite to 
close the polygon represents in magnitude and direction 
the resultant of these currents. 

§ 7. Inductance. — Before we can deal at greater 
length with the properties of alternating currents, wc 

R 
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must r^fer again to the quality of electric circuits, called 
their inductance^ an exceedingly important one in con- 
nection with periodic currents. We have already men- 
tioned that electric circuits possess a quality similar to 
' the inertia of matter^ and in virtue of which time is re- 
quired to produce in them a current under the influence 
of electromotive force. We know perfectly well that if we 
apply a steady pull to a heavy body, say a garden roller, 
we do not at once produce in it the full velocity due to 
that pull. Time is required to get up the speed. More- 
over, when the speed has been accumulated a reversed 
force will not at once bring the heavy body to rest, and 
time is required also to destroy the motion. This is due 
to the inertia of the garden roller. There is an exactly 
similar inertia-effect in connection with conducting cir- 
cuits. If a steady electromotive force is applied to the 
ends of a conductor, it does not at once produce in the 
conductor the full possible current strength in accord- 
ance with Ohm's law. There is a variable period during 
which the current is gradually rising to its Ohm-law 
valuey or to its Ohmic value. Again, if the electromotive 
force is removed the current does not at once vanish, but 
goes on flowing with gradually diminishing strength 
until it dies away. The quality of the circuit in virtue 
of which this effect takes place is called the inductance. 
Circuits are said to have large inductance when the 
current under a given steady impressed electromotive 
force would be a long time, relatively speaking, in rising 
to its Ohmic value. They are called non-inductivSy or 
negligibly inductive, when the inductance is too small to 
be of practical consequence. No circuit can be truly non- 
inductive, just as no material body can have absolutely 
no mass, or inertia. 

The inductance of a coil or bobbin of wire of many 
turns is greatly increased by putting an iron core into it. 
Hence the circuits of large electromagnets have great 
inductance. 

Inductance is measured in terms of the unit called the 
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Henry y and the inductance of a circuit may be measured 
in henrys if large, or in milli-henrys if small. 

Two illustrations may be given of the above facts. 
Let a loop of copper wire hav^its ends bent round nearly 
to meet (see Fig. 74), and let the distance separating the 
points a and b on the wire be about one-sixteenth of 
an inch. If, then, a charged Leyden jar be discharged 
through this wire a spark will be seen at a b. The 
greater part of the current from the jar prefers to jump 
across the air space a by even although of exceedingly 
high resistance, rather than flow round the copper spiral 
of very low resistance. The reason for this is because 
the application of the 
charged surfaces of the 
jar to the ends of the 
copper wire, is an ap- 
plication of a high 
electromotive force 
very suddenly to the 
ends of an inductive 
circuit. The induct- 
ance of the conductor 
opposes such an ob- 
stacle to the immedi- 
ate production of the 
current in it, that part of the discharge finds it easier 
to break down the resistance of the air gap, and pass 
across a b. 

The action is very much like that of the sudden 
explosion of guncotton. A pad of guncotton placed 
on a stone slab and gently ignited burns away quietly. 
If, however, it is detonated by a fuse, the gases suddenly 
evolved cannot displace the air instantly, and hence 
the detonated guncotton breaks the stone slab. The 
superincumbent atmosphere can easily be pushed out 
of the way gently and slowly, but to a very sudden 
blow the air opposes, in virtue of its inertia, an immense 
resistance. 

R 2 




f'jg' 74* — Experiment to show ihe 
Inductance of a Looped Circuit. 
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The second experiment illustrating inductance is 
conducted with an electromagnet. An incandescence 
lamp is joined across the terminals of an electromagnet 
(see Fig. 75), and an electromotive force or voltage is 
put on the terminals of the magnet, just sufficient to 
bring the lamp filament to a dull red heat On break- 
ing the circuit of the battery, the lamp flashes up 
brilliantly for one instant. This is due to the fact that 
the current running through the electromagnet coils 
cannot, in virtue of inductance, at once be stopped, and 

hence, when the battery is 
withdrawn the current in the 
magnet coils runs on, and 
flows back through the lamp 
and causes it to brighten up. 
This current is for the mo- 
ment a stronger current than 
that which flows through the 
lamp when the battery is 
steadily applied. 

There are two ways in 

which we may regard this 

EUotronuj^/tetj effect of inductance. In the 

rSwUch first place, following Faraday, 

it may be looked upon as 

Fig. 75.-Experiment to show the ^he result of an electromotive 

Inductance of an Electromagnet, force, due tO what is called 

the self-induction of the cir- 
cuit, which comes into play to retard the current when 
it is beginning and help it when it is ending. We 
have seen that when a coil of wire is traversed by 
a current, it is surrounded by and linked with a mag- 
netic flux of its own making. We have also seen that 
the insertion or withdrawal of a magnetic flux into a 
circuit gives rise to electromotive force. If, then, the 
student considers a simple circular current (see Fig. jiS) 
and its associated magnetic flux, he will see that the 
introduction of this self-made flux into the circuit must 
create an electromotive force, which acts to optfose the 
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external electromotive force driving the current. In 
the same way the withdrawal of the flux acts to create 
an electromotive force of self-induction, which tends to 
make the current run on a little in the circuit, in the 
same direction in which it was going, after the external 
electromotive force is withdrawn. Very often this electro- 
motive force of self»induction may be many times greater 
than the external impressed steady electromotive force. 
Hence, when a current is being started in a wire or 

n 




Fig. 76. — Magnetic Flux round a Circular Current. 

circuit, the external electromotive force, called tAe im- 
pressed electromotive forcey has to do two things : first, to 
overcome the resistance of the circuit, and second, ta 
overcome the opposing electromotive force of self-induc- 
tion. When a current is flowing through a circuit, the 
magnetic flux due to the current in that circuit, which 
is linked with the circuit itself; is proportional to the 
current strength, and to a quantity called the inductance 
of the circuity which is a constant quantity for all values 
of the current if the circuit of the magnetic flux is 
wholly an air circuit or circuit of unit permeability. It 
is not however constant, if the magnetic circuit pf^* 
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through iron, that is, if the coil is wound on an iron core. 
The electromotive force of self-induction at any instant 
is measured by the rate at which the total flux linked 
with the circuit is changing, hence, in the case of circuits 
of constant inductance, the electromotive force of self- 
induction must be measured by the product of this induct- 
ance (or, as it is sometimes called, the coefficient of self- 
induction), and the number which expresses the rate at 
which the current is changing in strength at that instant. 
If there is at any instant in such a circuit a current, 
one part of the voltage which is being applied to the 
circuit is employed in maintaining this current, and the 
numerical value of this part is obtained by multiplying 
the resistance! of the circuit reckoned in ohms by the 
current flowing in it measured in amperes. In other 
words, if the resistance of the circuit is R ohms, and 
the current in it at any instant is A amperes, then 
R times A volts is the voltage employed in keeping 
the current flowing, and may be callec} the Ohmic 
Voltage, since these volts, amperes and ohms are re- 
lated to one another by Ohm's law. This, however, 
is not the whole of the story. If the current is in- 
creasing in strength, then an additional voltage has to 
be applied to the circuit, reckoned by the product of 
the inductance of the circuit (call it L), and the rate 
at which the current is increasing. This additional volt- 
age represents the electromotive force being employed 
in increasing the current. Hence we have the fol- 
lowing equation for the total or impressed electromotive 
force : — 

^The product of 
the inductance 
(L) of the cir- 
cuit reckoned in 
henrys, and the 
value of the rate 
of change (in- 
crease) of the 
current at that 
instant. 



The total or im- 
pressed electro- 
motive force, 
reckoned in 
volts, acting on 
a circuit at any 
instant. 



> = 



The product of 
the resistance 
(R) of the cir- 
cuit measured in 
ohms, and the 
value of the cur- 
rent in amperes 
at that instant. 



+ 
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' This equation is called the Current Equation^ and it 
holds good for the circuit at every instant, and gives us 
a means of connecting the instantaneous value of the 
current in the circuit with the instantaneous value of 
the electromotive force in that circuit. It will be seen 
that Ohm's law is, so to speak, a piece or fragment of 
the above more general current equation, and Ohm's law 
merely expresses the state of affairs in the circuit, after 
the current has become steady and has ceased to vary. 

§ 8. Relation of Current and Electromotive Force 
in Alternating Current Plow. — It is evident, there- 
fore, that whenever a current in a circuit is constantly 
changing its strength, as is the case with alternating 
currents, the simple law of Ohm 
no longer expresses the relation 
between the current and the 
electromotive force or differ- 
ence of potential. The rela- 
tion is more complicated, and 
involves the inductance as well 
as the resistance of the circuit. 

If, for the sake of simpli- 
city, we first confine our atten- 
tion to simple harmonic cur- 
rents and electromotive forces 
in circuits of constant induct- 
ance the relation between them 
can easily be established. 

Let the line O C in a clock 
diagram (see Fig. JJ^ represent the maximum value of 
an alternating current flowing in a circuit. We have 
then, in the first place, to consider how to draw in the 
same clock diagram a line which shall represent the 
maximum value of the rate of change of the current re- 
presented by O C. 

,If we project O C on the line X Y, then the length 
of the projection Oc represents, as O C revolves, the 
actual current in the circuit at the instant considered. 
The rate of change of this current is obviously denot 
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by the velocity with which the point c is moving, because 
that expresses the rate at which the length O ^ is chang- 
ing in value. The point c will have its maximum velocity 
when € is just passing the centre O. But when c is 
passing the centre O, it has the same velocity as the 
point C of which it is the projection. 

Let us suppose that the line O C revolves round O 
with a uniform speed, and with an angular velocity 
denoted by /, that is to say, p is the angle turned 
through per second. Then the linear velocity of the 
point C on its circular orbit is equal to the product of 
the length of O C and the angular velocity /.* 

It is obvious, therefore, that the maximum velocity 
of the point Cy and therefore the maximum rate of change 
of O Cy is represented by the product of the length O C 
and the angular velocity of O C. Accordingly, if O C 
represents the current in a circuit, / times O C will re- 
present the magnitude of its maximum rate of change. 
Again, it is easily seen that if we wish to draw on the 
clock diagrar^ a line whose projection shall always 
represent the rate of change of the projection of O C, 
then that line must be drawn at right angles to O C, and 
be equal in length to O C multiplied by the angular 
velocity of O C. Let then a line be drawn at right angles 
to O C and equal in length to / times O C. This line 
represents the maximum value of the rate of change of 

OC. 

It will easily be seen, therefore, that if we draw in a 
clock diagram a line O C (see Fig. 'j^y which is taken to 
some scale to represent R times I, where R is the resis- 
tance (in ohms) of a circuit, and I is the maximum value 

♦ If the length of O C is denoted by r then the circumference of the 
circle described by the point C is equal to 2 ir r. If this circumference is 

travelled over in a time T, then -=- is the linear velocity of the point C. 

2 ic 
But the angular velocity of the radius OC is represented by — =/, 

Hence the linear velocity of C is equal to the angular velocity of O C multi- 
plied by r or by the length O C. 



ALTERNATING OR PERIODIC CURRENTS. 249 

(in amperes) of an alternating current flowing in it ; and 
if we draw a line O D at right angles to this, and equal 
in length on the same scale to the product of L,/, and I, 
where L is the inductance (in Henrys), and / is equal to 
the angular velocity of the current, viz. 2 w times the 
frequency n of the current ; * then it is clear that the 
varying length of the projection of the line O D will 
always represent at each instant L times the rate of 
change of the current ; and, similarly, the projection of 
O C will always represent R times the current strength. 
Hence, on the same scale on which O C represents in 
magnitude and position the ohmic voltage in the circuit, 
O D will represent in magnitude and 
proper relative phase the counter electro- 
motive force of self-induction in that cir- 
cuit, maximum values being understood. 
The counter electromotive force of self- 
induction always differs 90° in phase 
from the ohmic electromotive force, or, as 
it is often called, the effective electromo- 
tive force, and lags behind it. 

The total impressed electromotive 
force is always equal to the sum of the 
two above electromotive forces. Hence, 
if we call E the impressed electromotive 
force, we have at once the means of ob- 
taining the value of E, by drawing the 
side O E of the parallelogram O D C E parallel to the 
diagonal C D, drawn connecting the ends of O C and 
O D. The line O E represents in magnitude and direc- 
tion the maximum value of the impressed electromotive 
force. Since D O C is a right angle, therefore 

(OE)^=(OC)^-KOD)» 




Fig. 78. 



* The frequency n is inversely proportional to the time T of one cycle. 
Hence if — is represented by / = the angular velocity, we have 2 ir » = /J 
in all alternating current formulae. 
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and therefore, since OE = E, OC = RI, and O D = L^ I 
we have 

or E«=(R='+/"L«)I«, 

The above equation expresses the fact that the maxi- 
mum value or amplitude of a simple periodic alternating 
current in a circuit, reckoned in amperes, is obtained by 
dividing the maximum value of the external or im- 
pressed electromotive fo rce, me asured in volts, by the 

value of the quantity V R^ +P^ L^ This quantity is called 

the Impedance of the Circuity 
and is equal to the square 
root of the sum of the 
squares of the resistance R 
of the circuit and / times 
the inductance L of the 
circuit. The quantity / L 
is called the Reactance of 
the circuit. 

We can therefore repre- 
sent by the sides of a right- 
angled triangle ABC (J^'^z* 79) the relation of the resist- 
ance y reactance and impedance of an alternating current 
circuit of constant inductance. In all cases, however, the 
quantity called the impedance stands to the current and 
electromotive force, in the case of alternating currents, 
in the same relation that the true resistance does to the 
same quantities in the case of continuous currents. In the 
case of continuous currents we obtain the value of the 
current in amperes by dividing the value of the impressed 
electromotive force in volts by the resistance of the 
circuit in ohms ; or. 

Current in _ 5 Electromotive f orce in volts) (Continuous 
amperes ( Resistance in ohms J currents). 




Resvstcuvce 

Fig. 79. 
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In the case of periodic or alternating currents, we 
obtain the R.M.S. value of the current in amperes by 
dividing the R M.S. value of the impressed electromotive 
force in volts by the impedance of the circuit measured 
in ohms, or 

Current in f Electromotive force in) . * , 
amperes = - volts (R. M. S. value) [ l^^ternating 

(RM.S. value) (impedance in ohms j ^"^^^"^^>'' 

The student will therefore see at once that if the 
inductance of a circuit is large, the value of its impedance 
may greatly exceed the value of its resistance, since 

^fW+/^U will then be greater than R. Hence the 
alternating current obtained by a given alternating elec- 
tromotive force may be very much smaller than would 
be the case if they were continuous. 

For example, if a continuous electromotive force of 
100 volts be applied to a circuit having a resistance of 
one ohm, the current in it will be 100 amperes. If, 
however, an alternating electromotive force, having an 
R.M.S. value of 100 volts, be applied to an inductive 
circuit of the same resistance, but of large inductance, 
the actual R M.S. value of the current produced may be 
very small, perhaps only a fraction of an ampere. 

The following experiment may be tried with an alter- 
nating current. Let a coil of wire, consisting of a large 
number of turns, but of low resistance, be placed in series 
with an incandescent lamp and subjected to an alter- 
nating electromotive force. Let the voltage be sufficient 
to bring the lamp to normal brightness. Next let an 
iron bar be inserted in the aperture of this coil. The 
inductance of the coil is thereby largely increased. The 
current is therefore diminished, because the impedance of 
the circuit is raised, and hence the brilliancy of the lamp 
is greatly reduced. 

§9. Lag of current behind Electromotive Force 
in Inductive Circuits. — The reader must note that in 
an inductive circuit the actual current which flows at any 
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instant is produced by the operation of a voltage acting 
on the resistance of the circuit, which voltage is the 
algebraic sum of the external or impressed voltage and 
the electromotive force of self-induction, also sometimes 
called the back electromotive force. 

Hence, in a clock diagram which is intended to re- 
present correctly the relative phase as well as relative 
magnitude of these three electromotive forces, we must 
pay attention to this fact. ' The electromotive force of 
self-induction is, as we have seen, always represented by 
a line at right angles to the line representing the current 
or the ohmic voltage in a clock diagram. 

Let us suppose the lines in such a diagram to re- 
volve in the same direction as the hands of a watch, 
then a little consideration will make it clear that the 
line representing the inductive electromotive force must 
be drawn 90° behind the line representing the ohmic or 
effective electromotive force, in order that the projec- 
tion of the former may be opposed to the projection of 
the latter in sign or direction as the current is increasing. 
We have then to draw another line, which will represent 
the impressed or external electromotive force, and it is 
clear that if O C is to be the resultant of O D and O E, 
that O E must be drawn in advance of O C (as shown in 
Fig. 78). Hence the line representing the ohmic voltage 
or effective electromotive force will lag behind the line 
representing the impressed voltage by an angle, the 
tangent of which is represented by L/ divided by R. 
The current in the circuit is always in step with the 
ohmic or effective voltage, and hence in an inductive 
circuit the current is never in step with the impressed 
alternating electromotive force, but always lags behind it. 

When an alternating electromotive force is producing 
an alternating current in an inductive circuit, the current 
does not have its greatest value at the moment when the 
electromotive force or electrical pressure has its greatest 
value, but happens somewhat later. We have already 
referred to that view of the nature of induction which 
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makes it depend upon the presence of an opposing or 
assisting electromotive force of self-induction ; but there 
is another mode of regarding the facts which is probably 
more nearly akin to the actual processes at work. When 
an electric current is started in a wire, it is believe — dwith 
good reason — that the process begins at the surface of the 
wire, and consists in the establishment of a magnetic 
field inside the wire as well as outside it. The process 
of establishing the field inside the wire goes on, how- 
ever, very much more slowly than the process of creating 
it outside the wire. During the time the field is being 
created, the current is said to be gradually rising in 
strength, and is not constant even under a constant 
electromotive force until this process is complete. The 
inertia which has to be overcome in effecting this is not 
in the " current," but in the surrounding medium or 
ether ^ the motion of which constitutes the magnetic field. 
If the wire is in the form of a thin flat strip, the estab- 
lishment of the interior field takes place more rapidly 
than if the same quantity of metal is disposed in a 
round sectioned wire, and hence the inductance of the 
circuit is lessened. 

If the current is an alternating current, and the con- 
ductor a thick copper wire, the field may not be propa- 
gated very far into the wire before it is (so to s[)eak) 
recalled. In the case of conductors above a certain 
diameter conveying alternating currents, it is only a 
certain thickness or " skin " of the conductor which is 
utilised. There is not the least use in making round 
conductors for the conveyance of alternating currents 
having a frequency of 100 ^ of greater diameter than 
about half an inch. Beyond this thickness the interior 
metal is not useful for conductance. Hence, concentric 
metallic tubes or twisted concentric cables are used for 
the conveyance of alternating currents. This particular 
fact is called the " skin effect." 

§ 10. Alternating ^ Current Transformers. — The 
principles above explained find a practical application 
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and illustration in the construction of alternating current 
transformers. Consider an iron ring wound over with 
two circuits of insulated wire, called respectively the 
primary and secondary circuits (see Fig. 80). Let an 
alternating current, called the primary current, be sent 
through the primary circuit, by applying to the ends of 
that circuit an alternating primary electromotive force. 
This circuit, being wrapped round an iron core, will have 
considerable inductance, and hence, under these circum- 
stances, the primary current produced will in general be 
a very small current. This alternating current produces 

in the iron core an alternat- 
ing magnetic flux ; and it 
will also generate in the core 
wasteful eddy currents of 
electricity, unless the iron 
core is laminated or made 
up of iron wire, so divided 
that the conductivity of the 
iron is very much reduced 
in a direction parallel to the 
wire windings of the pri- 
mary circuit, but yet its 
magnetic permeability not 
much reduced parallel to the 
magnetic axis of the primary 
coil. As a matter of fact, the 
iron core is always laminated or divided as described. 
The alternating magnetic flux in the iron core is linked 
with the turns of the secondary circuit, and hence gene- 
rates in them an alternating secondary electromotive 
force. The arrangement has, therefore, this advantage 
that, by suitably choosing the number of turns of wire 
for the primary and secondary circuits, we can make any 
given primary electromotive force produce any required 
secondary electromotive force. 

As a first approximate rule, the student may take it 
that in modern well-designed transformers the ratio of 




Fig. 80. — A Closed Iron Circuit 
Transformer. 
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these electromotive forces is in the ratio of the number of 
turns in the two circuits; that is to say, if there are 
2000 turns in the primary circuit and 200 in the second- 
ary, then the application of 1000 volts to the primary 
circuit will result in the generation of 100 volts in the 
secondary circuit. On the other hand, the secondary 
current is larger than the primary current, and the 
appliance does not create any energy ; it merely serves 
to transform electric energy from one type to another. 
The secondary circuit can be made to yield an elec- 
tric current which is larger than the primary current 
if the secondary voltage is smaller than the primary 
voltage. 

The exact state of affairs is as follows : — 
The electric power supplied to the primary circuit is 
partly dissipated in heating the primary circuit. An- 
other part of the power is absorbed in hysteresis loss in 
the iron, caused by the reversals of magnetism that take 
place ; and also in making some small eddy-current loss 
in the iron, due to electric currents set up by the chang- 
ing magnetism in the iron strip, plate, or wire,! of which 
the core is made. The rest of the power appears in the 
secondary circuit, and is partly used up in heating the 
internal secondary circuit of the transformer and partly 
available for use in an external secondary circuit. The 
difference, however, between the electric power put into 
the primary and that taken out of the secondary circuit 
is, that one may be in the form of a large current pro- 
duced by a relatively small electromotive force, and the 
other may be in the form of a relatively small current 
produced by a high electromotive force. The trans- 
former can, however, no more create power than can a 
lever, or wheel and axle, or other machine. All it can 
do is to change the form of the power, and it does this 
at the expense of, or by the dissipation of, some power 
wasted as heat in its interior. It acts, in fact, like a 
simple machine with friction. If the transformer is used 
to raise electric pressure, it is called a step-up transformer. 



256 MAGNETS AND ELECTRIC CURRENTS. 

If It is used to lower electric pressure it is called a step- 
down transformer. 

The ratio between the power taken out of the trans- 
former at any load and that put into it is called the 
efficiency of the transformer at that load. The efficiency 
is always expressed as a percentage. The power dissi- 
pated in the iron core is called the core loss. The power 
wasted in heating the coils is called the copper loss. The 
greatest output in power which the transformer can 
normally make on the external secondary circuit is 
called the/w// secondary output^ or secondary watts of the 
transformer, and transformers are denominated by their 
kilowatt output. Thus, a 30 kilowatt (or 30 K. W.) trans- 
former is one which can safely yield 30,000 watts in the 
external secondary circuit. The core loss is always stated 
as a percentage of the full secondary output. Thus, a 
transformer is said to have a core loss of 1*3 per cent. 
of its full load. If this transformer were a 10 K.W. trans- 
former, this would mean that the iron core loss in this 
transformer was 130 watts. It has been shown by care- 
ful experiment by the Author and others, that the iron 
core loss is constant at all loads ; on the other hand, the 
copper loss increases with the currents. 

If the resistance of the primary circuit is P ohms 
when warm from use, and if the full-load primary cur- 
rent is A amperes, then the primary copper loss i3 PA^ 
watts. The secondary current at full load can always 
be approximately calculated by taking it as equal 
to the primary full-load current, multiplied by the ratio 
of the number of turns on the primary coil to those on 
the secondary coil. Hence, if S is the resistance of the 
secondary circuit, and the number of primary turns is Ni, 
and of secondary N2, the secondary fulHoad current is 

nearly equal to ^^ A amperes. Hence the copper loss 

in the secondary circuit is equal to S times /^--i\ A* 
watts. 
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An illustration will make this clear. Suppose it be 
desired to calculate the full load copper losses in a 30 
K.W. transformer, and that the transformation ratio is 
20 to I, that is, the transformer transforms an electro- 
motive force of 2000 down to 100 volts. The secondary 
voltage is then 100 volts, and at full load the secondary- 
current will be 300 amperes, because 300 X lOO = 
30,000 watts. Here the primary full load current is 

^ — =15 amperes. 
20 

If, then, the resistance of the secondary circuit is "002 

of an ohm, and that of the primary is • 5 of an ohm, the 

copper losses in the primary and secondary circuits are 

respectively (15)^ X 0*S = 112 watts, and (300)^ X '002 

= 180 watts, at full load. Hence, under full load, the 

internal losses in the transformer are 

Iron core loss, 1*3 per cent. = 130 watts 
Primary copper loss =112 „ 

Secondary „ =180 „ 



Total loss =422 watts 

Hence, to get 30,000 watts out of the transformer, a 
power equal to 30,422 watts has to be put into it, and 
the efficiency at full load will be 

32^22? = 98 per cent. 
30,422 

As the load on the transformer decreases, the effi- 
ciency estimated as a percentage will decrease also, and it 
is generally represented in terms of the secondary output 
by a curve called an efficiency curve (see Fig. 81). 

The student must particularly notice one property of 
the transformer on which its industrial use essentially 
depends. It can be shown by experimental means,* 

♦ For further and fuller details on the theory of the transformer the 
reader is referred to the author's treatise on * The Alternate Current Trans- 
former in Theory and Prjictice,' vol. i, 

S 
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that when a transformer of the kind we are considering 
has its primary circuit traversed by an alternating cur- 
rent, and its secondary circuit also closed and traversed 
by a secondary induced current, that at full load, or any 
moderate load, the phase of the primary current is exactly 
opposite to that of the secondary current, or differs from 
it by 1 80°. In other words, the primary and secondary 
currents come to their maximum values at the same 
instant, but they are flowing in opposite directions round 
the core. Hence, if the primary current is magnetising 
the iron core one way, or creating magnetic flux in it in 
one direction, the secondary current is opposing it and 
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Fig. 81. — Efficiency Curve of an Alternating Current Transformer. 

creating magnetic flux in the opposite direction. We 
have already shown that the inductance of a circuit may 
be regarded as due to an electromotive force set up in 
it by the thrusting in, or withdrawal of, its own magnetic 
flux from the circuit itself. Hence, if the self-linked flux 
due to the primary current is annulled by the simulta- 
neous creation of an oppositely directed flux in the core, 
the inductance of the primary circuit must thereby be 
diminished or destroyed. Accordingly, the transformer 
possesses the following property. If the secondary cir- 
cuit is open, the primary circuit possesses large induc- 
tance, and a very small current will flow through it, 
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even under a large primary electromotive force. If the 
secondary circuit is closed by a gradual diminution 
of the external secondary circuit resistance, then the 
gradually increasing secondary current, little by little, 
annuls the inductance of the primary circuit, and lets 
more primary current flow through the primary circuit. 
The transformer thus feeds itself with primary current 
as it requires it, to meet the demand for secondary 
current. When secondary current is not being made 
at all, the impedance of the primary circuit blocks the 
way, and prevents any but a small current flowing 
through the primary circuit. 

An intelligent grasp of the above fact is necessary 
in order to understand the method of working trans- 
formers in practice. 

§11. Alternate Current Transformer Distribu- 
tion. — The service which the transformer renders us in 
electrical engineering is, that it enables us to convey 
large amounts of electric power in the form of relatively 
small electric currents produced by high electromotive 
force, or in the form of what are called high tension 
currents. 

Beyond a certain distance from the source of supply, 
the transmission of a given amount of electric power 
costs less when this is conducted in the form of a small 
current flowing under a high electromotive force, than 
when it is in the form of a large current under low 
electromotive force. The size of the conductor, for one 
thing, can be less ; hence less copper is required ; but, 
as a set-off* against this saving, a higher and more costly 
insulation has generally to be employed, and at the same 
time the additional cost of the transformer is incurred. 

Hence the economy is not proportional to the ditni- 
nution of the current, but beyond a certain distance an 
economy is found to be effected by the use of the high 
tension current. High pressure currents, however, are 
not directly applicable for electric lighting and power 
purposes, and the necessity exists for transforming the 

S 2 
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energy into a form in which it presents itself as a large 
current flowing under lower electromotive force. The 
alternate current transformer enables us to effect this 
transformation in the case of power supplied by alter- 
nating currents. If a high pressure current, representing 
a certain power, is passed through the primar>- coil of a 
transformer, we can take off from the secondary coil 
almost the same amount of energy, but in the form of a 
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Fig. 82. — ^Tninsfonners ananged in Pandld. 

low pressure current. Transformers for electric distri- 
bution on the alternating current system are arranged 
as in Fig. 82. From a machine for generating alternating 
currents proceed two primary mains, and between these 
mains is maintained a large potential difference, say, of 
2000 or 10,000 volts. At the places where the trans- 
formation of energy is to be made, alternate current 
transformers are placed, the primary coils of these 



ALtEiRNAtiNG 6k tERtObtC CURRENTS. 26 1 

transformers being connected across between the two 
primary circuits. These transformers, taking primary 
current from these mains at a high pressure, transform 
down the pressure in a certain ratio, say from 2000 to 
100 volts ; and from their secondary terminals proceed 
two conductors, called secondary leads, to which are 
attached the lamps or motors, or other devices for uti- 
lising, the current In this system there is a loss of 
power due to the heating of the primary mains, and also 
a loss due to the internal losses in the transformers ; but 
under proper conditions, and beyond a certain distance, 
these two sets of losses may be made to involve less total 
cost than would be the case under the direct transmission 
of the same amount of electric power at a lower pressure. 
In the early days of electric lighting attempts were 
made to arrange the transformers with their primary 
coils in series, as in Fig. 83, but the fact that the impe- 
dance of the primary coil of a transformer is diminished 
by closing the secondary circuit was not then fully 
appreciated. 

On arranging transformers with their primary coils in 
series, it was found that, on switching on incandescent 
electric lamps on the secondary circuit of one transformer 
station — that is to say, on closing the secondary circuit 
of that transformer — the common primary current was 
increased through the primary coil of every transformer, 
and hence caused an increase of secondary electromotive 
force in every other transformer. In other words, trans- 
formers arranged with primary coils in series are not 
independent of each other, whereas transformers arranged 
with primary coils in parallel between two constant 
potential primary mains are independent of each other. 
In this latter case the reduction in the resistance of the 
secondary (Circuit of one transformer, made by adding 
lamps in parallel to that circuit, merely decreases the 
impedance of the primary circuit of that transformer 
alone, and makes no difference to any other trans- 
former. 
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When incandescent lamps are operated from the 
secondary circuit of a transformer, the lamp circuits 
being all arranged in parallel, that is to say like the 
rungs of a ladder between the two secondary mains, then 
an essential condition for successful working is, that 
whatever the number of lamps within the limits of the 
normal load of the transformer, the difference of potential 






Fig. 83.— Transformers arranged in Series. 

between the two secondary mains shall always be pre- 
served as nearly as possible constant. It is not possible 
to do this exactly, one reason being that the increased 
call for secondary current causes a greater potential drop 
or volt-fall down the internal or transformer part of the 
secondary circuit, and so reduces the available potential 
difference between the external secondary leads. The 
total reduction of secondary terminal voltage is called 
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the secondary drop of the transformer. The secondary 
drop of a well-designed transformer should not exceed 
2 per cent, between full secondary load and no load, 
reckoned on the voltage at no load. Hence, if the poten- 
tial difference or secondary volts of the transformer on 
open secondary circuit is 100 volts, then that voltage 
should not decrease below 98 volts when the transformer 
is fully loaded. This secondary drop is not altogether 
due merely to the resistance of the secondary circuit. 
It is partly caused by so-called magnetic leakage in the 
transformer. The very act of making a secondary cur- 
rent in the transformer causes some of the magnetic flux 
created in the core by the primary current to be rejected 
or thrust out of the core so as to escape linkage with 
the secondary circuit. Hence a reduction in secondary 
electromotive force takes place, which is called the 
leakage drop. 

The design of a good transformer is a matter of com- 
promise ; the following points, however, have to be con- 
sidered : — 

1. The iron core loss for small transformers should 
not exceed 3 or 4 per cent, of the full load output in 
watts. For transformers larger than 10 kilowatts size, it 
can be kept down to i ' 3 or i per cent, or less. 

2. The secondary drop should not exceed 2 per cent, 
of the normal secondary voltage, and the secondary drop 
must not be made small by making the iron core loss 
large. 

3. The transformer must have cooling surface enough 
to dissipate all the core losses without rising above the 
temperature of boiling water. To do this at least 3 or 
4 square inches of radiating surface must be provided for 
every watt dissipated in the core. 

4. The insulation must be strong enough to withstand 
double the working pressure without failure. 

5. In large transformers some mechanical ventilation 
must be provided to keep down the temperature of the 
core. 
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§ 12. CoQBtruction of Alternating Cntrent Trans- 
formers. — In the construction of transformers the first 
question is the structure of the core. 

The core is now always made of iron or steel plates 
or strips about -014 of an inch in thickness. These 
plates are varnished or painted to give them an insulating 



Fig. 84- — A Mordey Trajisformcr. 

coating. The plates or strips are then so arranged as to 
form a core, on which are wound two insulated copper 
circuits. The core generally takes one of two forms, 
either (i) the core forms a closed ring or circuit and the 
two coils are wound upon 
it, or (2) the two circuits 
are laid together and em- 
braced by the core. 

An example of the first 
type is the Mordey trans- 
former (see Fig. 84), and of 
the second type the Kapp 
transformer (see Fig. 85). 

It will be seen that 

whichever form of core is 

adopted the effect is the 

same, viz. to provide a 

Fig. 85.— A Kapp Transformer. closed iron path for the 

magnetic flux. The core 

plates having been stamped out to shape and arranged, 

the coils are then wound on formers. These are made 

of high-conductivity copper covered with cotton and 

well varnished. The primary and secondary coils are 
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separated by ebonite or mica sheets to insulate them 
perfectly. 

The circuit generally called the secondary circuit is 
in large transformers formed of thick copper strip, band, 
or rod. The primary circuit is Of a much longer and 
finer wire. Either circuit may, however, be the primary 
or secondary circuit, depending on the way in which the 
transformer is used, that is, whether employed to raise or 
to lower potential, or as a step- up or step-down trans- 
former. In any case the final result of the construction 
is to give us two insulated circuits, one having generally 
a few turns of thick wire and the other many more turns 
of thinner wire, and both of these wound round an iron 
ring, or enclosed in iron in such fashion that the mag- 
netic flux produced by the passage of a current through 
the coils is wholly confined to the iron. A transformer 
of this sort is called a closed iron circuit transformer. It 
is usual to split up the primary coil into two or more 
coils, and to sandwich these in between the secondary 
coils, or to wind the secondary coil over the primary coil, 
the object of these arrangements being to reduce the 
magnetic leakage. 

When a constant primary electromotive force is applied 
to the terminals of the primary coil, the result is to create 
a secondary electromotive in the other circuit, which is 
reduced or increased in R.M.S. value according as the 
second circuit has fewer or more turns than the first. 
Moreover, whatever may be the waveform of the primary 
electromotive force, the secondary electromotive force 
wave has exactly the same form to a reduced or increased 
scale. 

The transformer is therefore a sort of electrical panto- 
graph, which copies exactly to a reduced or enlarged 
scale varying potential difference applied to one pair of 
terminals. 

The object of laminating the iron core is to prevent 
the production of eddy electric currents in the core, which 
would be, if permitted, a source of loss of power. No 
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amount of lamination, however, will prevent the hysteresis 
loss. ^ 

§13. The Induction Coil. — Although with alter- 
nating currents the above described closed circuit trans- 
former is always used, yet, when employing intermittent 
or interrupted continuous currents, the transformer gene- 
rally takes a form in which it is called an Induction Coil 
or Open Circuit Transformer, In this case the iron core 
is simply a bundle of iron wires or iron strips, and the 
primary and secondary coils are wound over it in sections. 
This form of transformer is used to produce intermittent 
high pressure currents of short durations, called secondary 
discharges, from an intermittent or interrupted primary 
current. In this use of the transformer, the core is 
magnetised and demagnetised each time as the primary 
current is stopped and started, but the magnetic flux in 
it is always in one direction. The secondary electro- 
motive force is produced by the insertion or withdrawal 
of this magnetic flux into or from the secondary circuit. 
Since the secondary electromotive force depends on the 
rate at which the magnetic flux is xreated or destroyed, 
it is obvious that to obtain high electromotive force in 
the secondary circuit it is necessary to magnetise and 
demagnetise the core very suddenly. The arrangements 
for doing this are shown in Fig. Z(>, Near the end of 
the iron core is held a small block of iron H, called the 
hammer, supported on an elastic shaft h. The primary 
current passes from one terminal of the coil to a fixed 
support which carries a platinum-tipped screw at one 
end. The current passes through this screw into the 
point, and then passes into a small platinum point 
fastened at the back of the hammer head or to the spring 
shaft. It then passes down the elastic spring to the end 
of the primary coil q, and so through the coil and back 
to the other terminal /. If, then, the screw is so arranged 
as just to touch the contact pin in the spring shaft, the 
result of this arrangement is that as soon as the current 
magnetises the iron core I of the induction coil, this last, 
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acting as an electromagnet, attracts the hammer head H. 
This movement breaks the contact at the platinum sur- 
faces, and so interrupts the current. The hammer head 
then flies baclt again, and, malting contact with the screw, 
again re-starts the current. The arrangement is, there- 
fore, a self-acting contact breaker, which continually 
starts and stops the primary current, and hence magnet- 
ises and demagnetises the iron core. This alone would 
not be sufficient to effect the magnetic changes in the core 




Fig. 86. — Diagram of Induction Coil Connections: 



sufficiently quickly without the addition of a piece ol 
apparatus called the Condenser. The condenser c<^ con- 
sists of a number of sheets of tinfoil, which are sand- 
wiched in between sheets of paraffined paper or mica. 
Alternate sheets of tinfoil are connected together, and 
the two sets of connected tinfoils with the paper between 
them virtually form a Leyden Jar. The terminals of this 
condenser are connected to the platinum terminals, be- 
tween which the " break " of the primar)' circuit occurs. 
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The action of the condenser appears to be somewhat as 
follows. When the platinum terminals separate, the 
core of the induction coil is at that instant strongly mag- 
netised in one direction. The separation of the platinum 
contacts throws the condenser into series with the primary 
circuit Under these conditions the primary current, in- 
stead of continuing to flow and making a spark across the 
contact tips, in virtue of the high electromotive force of 
self-induction set up at the " break " of the circuit, ex- 
pends itself in setting up what are called electrical 
oscillations in the primary circuit. The current surges 
backwards and forwards in the circuit, but dying away 
in strength. These electrical oscillations or surgings 
take place with extreme rapidity, and they rapidly de- 
magnetise the core. Hence, instead of the magnetic flux 
in the core diminishing slowly, and so producing a small 
secondary electromotive force, it is very rapidly destroyed, 
and therefore a much larger electromotive force is set up 
in the secondary circuit. The condenser is, therefore, an 
essential adjunct in a coil intended to give long sparks 
from the secondary circuit when used with an interrupted 
primary current, but it is of no value if the induction coil 
is used with alternating currents ; that is, if an alternat- 
ing current is passed through the primary circuit and 
generates an alternating current in the secondary circuit. 
The condenser only fulfils this function at the " break " 
of the primary circuit, and hence in an ordinary " spark 
coil " the electric discharges in the form of sparks from 
the secondary are all in one direction. The electro- 
motive force set up in the secondary at "make" or 
starting of the primary is relatively very small, and the 
whole of the secondary sparks are due to the " break " or 
stoppage of the primary current* 

The maximum value of the electromotive force set up 
in the secondary circuit by the interruption or reversal 

* For a fuller discussion of the action of the condenser, and for a de* 
scription of the mode of constructing induction coils, the reader desirous of 
more advanced information may be referred to the Author's book on * The 
Alternate Current Transformer/ vol. ii. 
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of the primary circuit can be roughly estimated from 
the length of the secondary spark. 

If the secondary terminals are fitted with metallic 
balls one centimetre in diameter, the maximum secondary 
voltage can be approximately inferred from the following 
table of sparking distances, by which it will be seen that 
a spark about an inch in length requires for its production 
a voltage of about 30,000. 



Sparking Distance in Centimetres 




Maximum Potential 


between metallic balls Difference between the 


I centimetre in diameter. balls in Volts. 


o-i . . . . 4,765 


0-2 








8,140 


0-3 








",307 


0-4 








14,119 


o'S 








16,664 


o'6 








19,210 


0-7 








21,823 


0-8 








22,792 


o*9 








24,153 


I'O 








25,071 


1*1 








26,255 


1*2 








27,024 


13 








27,765 


14 








28,359 


1*5 








28,949 


1-6 








29,363 


1-7 








29,837 


1-8 








30,133 


1-9 








30,547 


2'0 








30,932 


2'I 








31,198 


2*2 








31,494 



Many circumstances, such as the form of the sparking 
surfaces or points, the pressure and nature of the sur- 
rounding atmosphere, the nature of the light falling on 
the terminals, affect the sparking distance for given volt- 
ages, and the above table must not be taken as giving 
more than approximately the sparking distance for given 
maximum potential differences expressed in volts. 



I 
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CHAPTER IX. 

ELECTRIC MEASURING INSTRUMENTS. 

§ I. Classification of Measuring Instruments. — 
The next subject which must engage attention is that of 
the practical measurement of electric currents. We have 
already shown how a simple tangent galvanometer can 
be constructed and calibrated, and it is necessary to sup- 
plement this elementary information by some further 
knowledge of electrical testing instruments. We shall 
not attempt to make even a mention of all the numerous 
processes and instruments employed in electrical testing, 
but confine our attention to a few of the most practically 
useful appliances and methods. Electrical instruments 
are classified according to the purpose for which they 
are to be used and the scientific principle involved in 
their construction. We have thus one classification as 
follows : — 

Electric measuring instruments may be — 

1. Amperemeters y or Ammeters y for measuring the 
strength of electric currents. 

2. Voltmeters^ for measuring electric pressure, poten- 
tial difference, or electromotive force. 

3. Ohm-meters, for measuring electrical resistance. 

4. Watt-meterSy for measuring electrical power. 

5. Coulomb-meters, or Ampere-hour meters, for mea- 
suring electric quantity. 

6. youlemeters, or Watt-hour meters, for measuring 
electric energy in joules or Board of Trade units. 

They may also be classified according to the physical 
principles involved in their construction, as — 
I. E lee tr adynamic instruments. 
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2. Electrostatic instruments. 

3. Electrochemical 

4. Electrothermal 

5. Electromagnetic 

6. Electro-optical 
It will be convenient to consider, in the first place, the 

methods of making certain general electrical measure- 
ments which are fundamental. 

§ 2. The Potentiometer. — One of the most prac- 
tically useful instruments in making electrical measure- 
ments with continuous currents is the arrangement called 



s 



9^9 




Fig. 87. — Potentiometer for comparing Electromotive Forces. 

the Potentiometer, The construction of this instrument 
is a% follows : — 

Let A B B' A' (see Fig. 87) be a long fine bare wire 
of platinoid or German silver, or some material having a 
small resistance temperature co-efficient. Let this wire 
be stretched over a scale 2 metres long, divided into 
2000 parts. 

The ends of this wire are connected, through an ad- 
justable resistance, with a secondary battery B, generally 
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of two cells, having a very constant electromotive force. 
The resistance of the wire A B B' A' should be at least 
40 ohms, in order that the current flowing through it under 
a pressure of 4 volts may be only the fraction of an am> 
pere. The wire must be of such uniform diameter and 
structure that the fall in potential down the wire per 
centimetre of length is the same at all parts of the wire. 
The current through it is then to be adjusted to a standard 
value in which the fall in potential down the 2000 divi- 
sions of length of the wire is exactly 2 volts. This is 
done by means of a resistance and a Clark standard cell. 
A Clark standard cell C, supposed to be at a temperature 
of 1 5° C, has its positive pole connected, through a sen- 
sitive galvanometer G, with that end of the divided wire 
in connection with the positive pole of the working battery 
B. The other pole of the cell is connected to a slider S,' 
which makes contact with the wire at any desired point 
The slider is first moved to touch the wire at 1434 di- 
visions from the positive end, and a resistance in^i&ries 
with the potentiometer wire and battery (not shown in 
Fig. 87) is then varied until the galvanometer shows no 
current through it. When this is the case we know that 
the fall of potential down the 1434 divisions of the wire, 
due to the working battery, must be equal to the electro- 
motive force of the Clark cell, which is I '434 volts at 
1 5° C. If the cell is not at 1 5° C, then, looking out in 
the table on p. 99 the electromotive force of the cell at 
the temperature at which it actually is at the time being, 
we set the slider to read that corresponding number on 
the scale. Thus, if the E.M.F. of the cell is i '440 volts 
at the time, let the slider be set to make contact at 
1440 divisions on the scale. This being done, -we now 
know that, the fall in potential or voltage drop down 
1434 divisions of the wire being 1*434 volts, the voltage 
drop down 2000 divisions must be two volts, and the 
voltage drop down i division must be ^^j^^th of a volt. 
The potentiometer is then said to be set for use. Sup- 
pose, then, that we desire to measure the electroniotive 
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force of any other voltaic cell C. We substitute this cell 
for the Clark cell and find the new position S', to which 
the slider must be moved, so that the galvanometer G 
indicates no current. Suppose that it is at 1920 divisions 
on the scale, then we know that the electromotive force 
of the cell C is i '920 volts. 

Again, suppose that we require to measure a con- 
tinuous electromotive force or potential difference of 
100 volts, or some such value. We connect across the 
terminals or ends of the circuit, between whiclTexists the 
potential difference to be measured, a wire of consider- 
able resistance, say of 10,100 ohms. A connection is 
made to the ends of a fraction of this which may be, for 
instance, 100 ohms, or one-hundredth of the larger resist- 
ance. The wire is contained in a box, usually called a 




Fig. 88. 



Volt'box (see Fig. 88). Thus, if there exists a potential 
difference of loi volts at the extremities ac oi the whole 
wire of 10,100 ohms resistance, the potential drop down 
the 100 ohms a by in series with the resistance of 
10,000 ohms, will be one volt. If we measure, as above 
described, by means of the potentiometer when set for 
use, the drop in potential down this one-hundredth of 
the volt-box resistance, we know that the whole potential 
difference between the ends of the volt-box wire must be 
just 10 1 times as great 

The divided resistance, therefore, enables us to mea- 
sure on the potentiometer any voltage by measuring a 
known fraction of it as above described. By a suitable 
divided resistance any continuous potential difference or 
electromotive force may be measured on the potentio- 

T 
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meter. In using the potentiometer two or three stan- 
dard Clark cells should be carefully checked against 
each other, to ensure accuracy in setting the potentio- 
meter. The potentiometer is also used to measure 
continuous electric currents in the following manner. A 
series of low resistances are provided, made of strips of 
platinoid or manganin, or some material not changing its 
resistance much with temperature. To these resistances 
terminals are fixed for sending through them large 
electric currents, and smaller wires, called potential wires, 
are soldered to the strips at such places that the resist- 
ance between the potential wires is o* i ohm, q-qi ohm, 
or O'OOi ohm, as the case may be. These low resist- 
ances must be accurately adjusted, and have a cooling 
surface so great that they do not become sensibly heated 
when lo, lOO or looo amperes are sent through them 
respectively. 

Suppose, then, that a current of lo amperes is. sent 
through the one-tenth of an ohm, and potential wires are 
taken from its potential terminals to the potentiometer. 
It is clear that there will be a fall of potential of one volt 
down this resistance, and this voltage may be measured 
on the potentiometer just as if it were the electromotive 
force of a cell. If, then, an unknown current is sent 
through the strip, and we find the terminal voltage of the 
strip to be '951 volt, we know the current is 9*51 am- 
peres. In this manner, by the use of two or three dif- 
ferent low resistance strips, we can make measure- 
ments of continuous currents over an enormous range of 
values, and measure, by means of a Clark cell and a 
potentiometer, any continuous current or any continuous 
voltage. J 

In using the potentiometer in a workshop, it is desir- 
able to employ a galvanometer of the type called. a 
movable-coil galvanometer, because this is not disturbed 
by other electric currents in its neighbourhood, as is the 
fixed-coil type of galvanometer. The potentiometer is 
an exceedingly useful instrument for calibrating other 
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direct-reading instruments, or instruments which show 
directly on a scale current values or voltage values. 

§ 3. Galvanometers. — In many electrical measure- 
ments it is necessary to be able to detect the presence 
or prove the absence of an electric current in a circuit, 
and if it is present to be able to measure it Generally 
speaking, instruments for the measurement of electric 
currents which are not so constructed as to show at once 
or directly the value of the current in amperes passing 
through them, are called galvanometers. If, however, 
they have scales so constructed that a needle or indi- 
cating device shows at once the current passing through 
them reckoned in amperes, then they are called ampere 
meters or ammeters. 

The majority of the most generally used galvano- 
meters are electromagnetic instruments, and depend for 
their operation on the fact that an electric current pass- 
ing through a coil creates round it a magnetic flux, and 
gives it, as we have seen, all the properties of a magnet. 
This flux, other things being equal, is proportional in 
strength, at any point in the field of the coil, to the cur- 
rent passing through the coil. If the coil is fixed, and 
if we create another fixed magnetic field, called the con- 
trolling fieldy in a direction at right angles to the flux 
due to the coil along its axis, then, as we have seen, we 
can use a very small suspended magnet to tell us the ratio 
between the strength of the field due to the coil and the 
strength of field due to the fixed controlling magnet. An 
arrangement of this kind is called z, fixed coil or movable 
needle galvanometer. In Fig. 89 is shown a Kelvin 
/Mirror galvanometer of the above type. In this instru- 
{ment there are two pairs of coils placed one above the 
other ; and also a curved controlling magnet sliding on a 
vertical rod, by means of which the controlling field is 
produced. The indicating needles form an astatic system 
— that is to say, they consist of two groups of little 
magnets fixed to a stem, one group set with their North 
poles in one direction, and the other with their North 

T 2 
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poles in the opposite direction. The stem also c 

concave mirror having a radius of curvature of one metre. 

This astatic system of needles is suspended by a 

cocoon silk fibre, so that the upper set of needles hangs 



Fig. 89. — Kelvin Miitor Galvanomeler. 

in between the two upper coils, and the lower set hangs 

in the aperture of the two lower coils ; and the four coils 
are so connected electrically, that a current flowing 
through them would act on both sets of needlei so as to 
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tend to turn the plane of all the needles parallel to the 
axis of the coils. 

The object of employing the astatic system of needles 
is to get greater sensitiveness, by rendering the system 
of needle's free from the control due to the Earth's mag- 
netic field. In setting the instrument so as to get the 
greatest sensibility, it is placed with the plane of the coils 
perpendicular to the magnetic meridian, or with the side 
of the coils towards the magnetic North. The needles, 
being never absolutely astatic, will then place their axes in 
the direction of the axes of the coils. The controlling 
magnet is then lowered into such a position that it 
•exactly reverses the position of the needles, and then, 
without turning it, the controlling magnet is raised up 
parallel to itself. A position will then be found in 
which the astatic system of needles will stand parallel 
to the plane of the coils. Any small electric current, if 
then sent through the coils, will cause the needles to 
turn so as to set more or less at an angle to the plane 
of the coils. It is not desirable that the Earth's field 
should be quite annulled by the controlling magnet, or 
else there will be no restoring force tending to bring 
the needles back to their original position after the cur- 
rent is stopped. It is advisable to lower and turn round 
the controlling magnet very slightly, so as to produce 
a resultant controlling field which is very feeble, but 
which is in a direction parallel to the plane of the 
coils. 

The sensibility of such a galvanometer in any con- 
dition is measured by the current which will deflect the 
needle through ^n angle of nearly one-thirtieth of a 
•degree. This is measured as follows. An incandescent 
electric lamp is placed at a distance of about one metre 
from the galvanometer, and the light from the lamp- 
filament is allowed to fall on the concave mirror attached 
to the needle stem. The lamp should be covered with 
a metal or asbestos hood having a slit in it, so that only 
the lierht from one half of the filament (which should be 
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a horseshoe-shaped filament) can fall on the galvano- 
meter mirror. The mirror reflects the light back, and 
forms a sharp image of the filament on a semi-transparent 
scale of celluloid or glass, which must be placed at a dis- 
tance of one metre from the galvanometer. The scale is 
divided into millimetres. If, then, the image of the fila- 
ment is displaced by one millimetre on the scale, we know 
that to do this the ray of light coming from the galvano- 
meter mirror a metre distant must have been turned 

through an angle whose tangent is = '001 ; and 

1000 

hence, by optical principles, the mirror itself must have 

turned through an angle of half that value, viz. an angle 

whose tangent is = '0005. This angle is an angle 

2000 

of about 1} minutes of arc, or somewhat less than ^th 
of a degree. The sensibility of galvanometers can be 
compared by taking note of the current required to pro- 
duce the above deflection. It must, however, be observed 
that this comparison must be subject to the condition 
that the galvanometer needle returns to a fixed zero 
when the current is arrested. It is very easy to obtain 
a spurious sensibility which is of no practical utility. 

The drawbacks to the use of a movable needle 
galvanometer of the above type are, that it is disturbed 
by the stray fields produced by currents in neighbouring 
wires ; and, when once the needle has been disturbed, it 
does not regain its zero position without time- wasting 
vibrations. On this account it has been largely replaced 
of late years in electrical laboratories by the movable coil 
galvanometer. 

In this latter instrument, the coil which is traversed 
by the current to be detected or measured is a small 
light coil of silk-covered copper wire wound on an ivory 
or silver frame, and having a rectangular or circular form. 
This coil is suspended by a pair of very fine flattened 
phosphor-bronze wires, either attached to the top and 
bottom of the coil, or arranged* parallel to one another 
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to form a bifilar suspension. These fine suspending 
wires are attached to the ends of the coil wire, and serve 
to bring in and take off the current. 

The coil is suspended (see Fig. 90) in the field of a 
fixed permanent magnet, so arranged that the normal po- 
sition of the coil is with its plane parallel to the direction 
of the fixed magnetic field. If, then, a current is passed 
through the coil, the coil turns round so as to place its 
magnetic axis more or less in the direction of the fixed 



Fig. 90. — HoWen d'Arsonval Movable Coil Galvanometer. 

field. The torsional elasticity of the phosphor-bronze 
suspending wires affords the necessary control, and brings 
the coil back to its original position when the current 
ceases. 

The coil carries attached to it a concave silvered 
mirror, which, by means of a lamp and scale, is made to 
indicate the smallest movement of the coil. The coil is 
hardly, if at all, disturbed by the field due to currents 
in neighbouring conductors. Moreover, it is very dead- 
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beat — that is, does not execute many vibrations before 
it comes to rest. 

A galvanometer of the above kind can be so calibrated 
as to enable us at once to determine the value in fnilli- 
amperes of a small current passing through it. This is 
done as follows. Measure on the potentiometer the 
electromotive force of a secondary battery cell. Connect 
this battery cell in series with the movable coil galvano- 
meter, through a very high resistance, and observe the 
scale deflection of the image of the filament of the gal- 
vanometer lamp. Thus, suppose the cell had an electro- 
motive force of 2* no volts, and that it produced a scale 
deflection of lOO millimetres, when connected with the 
galvanometer, through a resistance of 10,000 ohms. Sup- 
pose the resistance of the galvanometer to be 500 ohms. 
Then an electromotive force of 2 • 1 1 volts, acting on a 

2*11 
resistance of 10,500 ohms, produces a current of 



10500 

amperes = 0'2 milliampere nearly. Hence, a deflection 
of one millimetre on the scale corresponds very nearly to 
a current of '002 milliampere through the galvanometer. 
§ 4. Measurement of Electrical Resistance. — The 
most direct method of measuring electrical resistance is 
by measuring the voltage required to produce a known 
current. Suppose, for instance, it is required to measure 
the insulation resistance of the electric light wiring of a 
house. A movable coil mirror galvanometer is set up 
and standardised, as described in the last section, so as 
to determine the current through it reckoned in 
fractions of an ampere corresponding to a certain scale 
deflection. A battery of small cells is then provided 
sufficient to give an electromotive force of, say, 1 00 volts. 
The electromotive force of the battery can be accurately 
measured by the potentiometer. This battery, having a 
known electromotive force is then connected to the gal- 
vanometer already standardised, through the insulation 
resistance. This is done by connecting the copper circuit 
of the house wiring with one pole of the galvanometer, 
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which must be carefully insulated, and the other pole of 
the galvanometer to one terminal of the battery, which 
must also be insulated. The remaining battery terminal 
is connected to a " good earth," by attaching it to the 
gas or water pipes. The galvanometer will then show a 
deflection, and the current passing through it, reckoned 
in fractions of an ampere, is known from this deflection 
Hence we know the current in amperes through the 
conductor produced by a given electromotive force in 
volts ; and the resistance in ohms is obtained by dividing 
the numerical value of the volts by the ampere value of 
the current. The above method is a good one to adopt 
in the case of fairly high resistances. 

We can also use a movable coil galvanometer to 
measure low resistances, such as the resistance of the 
secondary coils of transformers or armatures of dynamos. 
For this purpose a set of standard resistances must be 
provided, constructed in the manner described in § 6. 
At the present moment we will assume that resistance 
standards of i ohm, o* i ohm, and O'OI ohm, are avail- 
able. Having such standard resistances at hand suitable 
for carrying currents of one or two amperes, the value 
of an unknown low resistance, like a dynamo armature, 
can best be measured by what is called the fall of 
potential method. This method depends on the fact that 
when a continuous and constant electric current is flow- 
ing through a circuit, the fall of potential or drop in volts 
down any portion of that circuit is proportional to the 
resistance of that part of the circuit 

The meaning of the phrase, fall of potential, can be 
made clear by an hydraulic illustration. If water is 
flowing along a horizontal pipe, and if gauge glasses or 
stand pipes are inserted at intervals (see Fig. 91), then 
when the water is not flowing we should find the water 
standing up at the same level or pressure, or potential, 
in each gauge glass. If, however, the water in the pipe 
is allowed to flow, then there would be a regular dimi- 
nution in pressure all along the pipe, as shown by the 
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height of the water in the stand pipes. This is called 
the hydraulic gradient, or fall in pressure along the pipe. 
Selecting any two points on the pipe, we should find that 
there is a difference in pressure at the two points ; the 
water pressure being higher at that point from which 
the water flows, and the difference in pressure between 
the two points being the force driving the water along 




Fig. 91- 



the intermediate piece of pipe. In the same manner, 
when an electric current is flowing along a conductor 
from a dynamo or battery, there is a difference of electric 
pressure or fall of pressure or potential between points ■ 
taken on the conductor. By Ohm's law the current 
in amperes is measured by the quotient obtained by 
dividing the difference of pressure in volts between any 
two points by the resistance measured in ohms. Hence, 
if the current is the same through two sections or portions 
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of a circuit, the fall in volts down the sections must be 
proportional to their resistances. 

In order, therefore, to make use of this principle, we 
join up the unknown low resistance, such as the armature, 
in series with a known low resistance, say of o* i of an 
ohm, and with a battery capable of giving a constant 
current through this resistance. A movable coil gal- 
vanometer of high resistance, or with a high resistance 
inserted in its circuit, then has its terminal wires applied 
first to the ends of the known low resistance, and next 
to the ends of the unknown low resistance, and in each 
case the galvanometer deflection is noted. This galvano- 
meter deflection is proportional to the difference of 
potential between the ends of the conductors tested. If 
then we find a deflection of 25 scale divisions of the 
galvanometer spot of light, when the ends of the gal- 
vanometer wires are attached to the terminals of the 
armature, and a deflection of S scale divisions when they 
are attached to the terminals of the o* i ohm resistance, 
we should know that the armature resistance was to 
O'l ohm in the ratio of as 25 to 5, or 5 to i. Hence, 
this particular armature resistance is 0*5 of an ohm. 
The galvanometer deflections should be observed several 
times, and for several different currents, and the mean of 
their ratio taken as the proper value. 

For the measurement of resistances varying in mag- 
nitude from I ohm to 10,000 or 20,000 ohms, the most 
convenient method to employ is that known as the 
Wheatstone's Bridge Method* In this appliance the 
unknown resistance to be measured is joined up with 
three other known resistances, so as to form a quadri- 
lateral, or set of resistances, joining four points arranged 
as in Fig. 92. Let P, Q and W be the known resistances, 
and R the unknown resistance to be determined. Then 
let a battery B be joined to the points a and b, and a gal- 

• The instrument always known as the " Wheatstone's Bridge " was not 
invented by Wheatstone, as generally supposed, but was described first by 
Mr. Hunter Christie, in 1833, to the Royal Society. 
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vanometer G to • the points c and d. Under these con- 
ditions it is always possible to make a selection of the 
resistances P, Q and W, such that when the galvanometer 
is joined in at c d, no current flows through it. When 
this is the case the points c and d must be at the same 




0-0-0-0 

Fig. 92. — Wheatstone*s Bridge. 

potential or pressure. Hence the fall of potential down 
the resistance P must be equal to that down the resist- 
ance R, and similarly the fall of potential down the 
resistance Q must be equal to that down the resistance 
W. Hence it is easy to see that the following propor- 
tion holds good : — 



Fall of potential down 
resistance P 

Fall of potential down 
resistance R 



Fall of potential down 
resistance Q 

Fall of potential down . 
resistance W. 
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Also, since no current flows through the galvanometer, 
it follows that the current through P is the same as that 
through Q, and the current through R is the same as 
that through W, Hence, by the principles previously 
explained, the resistances of P, Q, R and W stand to 
each other in the proportion of these potential falls, or 
when the galvanometer current is zero 

Resistance of P _ Resistance of R 

■ ■ -- ■ ■ ■■■■■ ^ ■ - ■■ tm^ ,- — --■ . ■ ■■ « ■■ I ^ mmm^^^m-^^^^^ 

Resistance of Q Resistance of W. 

If, therefore, three of these resistances are known, the 
fourth can be calculated. 

The branch in which the galvanometer is placed is 
called the Bridge circuit, and the bridge is said to be 
balanced when the four resistances have the above- 
named relation. 

In actual practice, the Wheatstone*s bridge takes one 
of two forms, called respectively the Divided Wire or 
Metre Bridge, or the Post-Office Pattern P big Bridge. 

The divided wire bridge is made as follows : — 

A stout mahogany board is prepared, about 4 feet 
long and 6 inches wide. It should be stiffened with 
cross pieces like a drawing board, to keep it from warp- 
ing out of shape. On this board is glued a scale of one 
metre in length, divided into millimetres. Over this 
scale is stretched a uniform wire a b (see Fig. 92), of platir 
npid, German silver, or platinum-Iridium or other alloy, 
having a small resistance temperature coefficient. The 
end3 of this wire are attached to thick strips of copper, 
A A', and brought to two terminals i and 4 (see Fig. 92), 
between which is 'a third insulated terminal, T. A 
slider P moves over the wire by means of which contact 
can be made with it at any desired point. A plug 
resistance box must then be provided. This is con- 
structed in the following manner. On an ebonite slab 
forming the top of a small box, are arranged a series 
of pieces of brass (see Fig. 93), which can be connected 
by fitting metal plugs into the space between the 
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blocks. These plugs are ground to fit into conical 
recesses in the ends of the blocks. In the interior of 
the box are coils of insulated wire, the ends of which 
are soldered to the brass blocks. When a plug is put 
into a hole so as to connect two blocks, it short circuits 
one particular coil connected to these blocks, or throws 
it out of action. The resistances of these coils may be 
of various magnitudes, such as i ohm, 2 ohms, 5 ohms, 
&c. Hence, if all the plugs are in their places there 
is practically no resistance interposed between the ter- 
minals of the box, except that of the plugs and blocks, 




Fig. 93.— Plug Resistance Coils. 

which is negligible. If a plug is withdrawn it puts the 
resistance of the coil belonging to it into series, and 
by suitably withdrawing plugs we can make any re- 
sistance we please. The resistances in a full-sized 
resistance box are generally arranged to be respectively 
I, 2, 3, 4, 10, 20, 30, 40, 100, 200, 300, 400, 1000, 2000, 
3000, 4000 ohms. The whole of the plugs being with- 
drawn give a total resistance of 1 1,1 10 ohms. In using 
the box, it is necessary to see that the plugs are well 
fitted to their holes, and in putting in a plug the user 
should give it a slight twist to make it make good con- 
tact, but not force it in too tightly, or else in getting it 
out again the ebonite head may be wrenched off. Never 
lay the plugs on the table when out of their holes, but 
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always place them in the lid of the box. The box, 
when not in use, should- be kept in a stout cardboard 
outer box, so as to preserve the ebonite from dust and 
the action of light, both of which spoil its insulating 
power. 

The terminals of this plug resistance box are then 
connected to the terminals i and 2 of the bridge, and 
between the terminals 3 and 4, is connected the un- 
known resistance to be measured. A battery of two 
or three cells is then connected through a contact key 
with the terminals A, A', and a galvanometer, prefer- 
ably of the suspended coil type, is connected in between 
the terminal T, and the slider on the bridge wire P. 
Some plug or plugs are then removed from the bok, 
and the slider is moved along the wire until the galvano- 
meter shows no current. When this is the case, the 
resistances of the two sections of the bridge wire into 
which it is divided by the slider, and which are to one 
another in the ratio of the lengths of these sections, 
are in the same proportion as the ratio of the effective 
resistance of the plug box to the unknown resistance. 
The two sections of the bridge wire are the resistances 
P and Q in the formula above ; the resistance R is the 
resistance of the plug box, and W is the unknown 
resistance. Hence, since 

P __R 
Q"W' 

when the bridge is balanced, we have 

and the resistance W becomes known, being equal to 
the resistance R, taken out of the plug box, multiplied 

by the ratio ^, in which the slider divides the bridge 

wir€. 
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In the Post Office pattern of Wlicatstone's bridge 
(see Fig. 94J, the slide wire is replaced by a set of coils 
joined in series through plugs and blocks, and these 
coils are generally a series of icxxj, lOO, 10, 10, 100, ]000 
ohms. The centre terminal c is placed between the two 
10 ohm coils, and the terminals a and b at the ends 
of the series. (See upper diagram. Fig. 92.) 

By taking out plugs, the ratio of the resistance be- 
tween a and c can be made to be to that between c 
and b in any decimal ratio such as lOOO : 10, lOO : lO, 



Fie- 94- — 1"°** Office pattern Wheatstone's Bridge 

10 : 100, &c. These resistances constitute the ratio arms 
of the bridge, and are the P and Q in the above formula. 
The remaining arm of the bridge R is a series of coils 
as described. The bridge is generally completed by twc 
contact keys, one in the galvanometer, and one in the 
battery circuit for closing the circuit. The battery circuit 
should always be closed a short time before the gal- 
vanometer circuit With a bridge of the above kind it is 
very easy to measure any resistance between one ohm 
and IO,OCO ohms very accurately. 

§ 5. Construction of Standards of Besistanoa — 
Every electrical laboratory must be provided with cer- 
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tain coils called Standard Coils, the resistances of which 
are exactly known. These resistances take various forms 
according to their mode 
of use. 

A standard ohm coil 
(see Fig. 95) consists of 
a coil of double silk 
covered platinum-silver 
wire, which is wound up 
inside a flat brass box, 
or case of a ring-shape. 
The ends of the wire are 
attached to two thick 
copper rods or terminals, 
and these are put in con- 
nection with the bridge PLg. gS.-Fleming Paltem of Standard 
by means of mercury ResLsiance Coil, 

cups and thick wires. 

The approximate length of the wire to be used in making 
a resistance of this kind may be judged by the following 
table :— 



For a Resislance 


Take of Plalinum-silvet Wire doiibIe-=ilk 
covered— 




Length 


Gauge in B.W.G. 


I ohm 

10 ohms 


feet 
9 

42-5 
133 

675 


inch diam. 
No. 23 = -036 
No. 24 = 'ois 
No. 30 = -014 
No. 34 = -oro 



Having cut these lengths of wire they are doubled 
on themselves, so as to make the circuit as little induc- 
tive as possible, and the ends soldered to the copper 
terminal rods, using rosin as a flux. The resistanceof 
the loop is then measured on the bridge. If it exceed 
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the required amount, the covering is stripped off the 
wire at the loop, and the loop twisted up until the 
resistance required is nearly attained. The loop is then 
touched with solder. The exact adjustment of a wire 
to a certain resistance is a matter requiring time and 
patience. Having given the wire loop the requisite 
resistance, the covered wire is then coiled up in the 
brass case, and this latter made water-tight. In use 
the brass case is placed in a vessel of water, the tem- 
perature of which is taken with a thermometer, so that 
when the wire in time takes the temperature of the 
water, its own temperature becomes known. 

To prevent the water short-circuiting the thick copper 
connectors, they are enclosed for a certain length in 
outer brass tubes, with an insulating layer between the 
rod and the tube. There are certain authorised stand- 
ards of resistance, which are kept at the Cavendish 
Laboratory, Cambridge, by the British Association 
Committee on electrical standards, and it is possible 
to send a coil of the above mentioned kind to Cambridge 
and obtain a certificate stating its exact resistance at a 
certain temperature in terms of these standards. This 
certificate is called the "Cambridge Certificate." It is 
useful to have a one-ohm standard and a ten-ohm stan- 
dard thus certified. 

Small resistances, such as a tenth of an ohm, are best 
constructed by joining in parallel ten resistances, each of 
one ohm. Measure off on the Wheatstone's bridge ten 
platinoid wires of one ohm resistance and o*02 inch dia- 
meter. Solder the extreme ends of these wires to two 
thick copper blocks, so that the wires are all bunched 
together like the strands of a rope, and terminated by 
the copper blocks. This compound resistance will then 
have a resistance of -j^th of an ohm. In the same way 
a ^^(jth of an ohm may be made by bunching 100 wires, 
each having a resistance of one ohm. If ten or eleven 
one-ohm resistances are joined up with mercury cups in 
the manner shown in Fig. 96, it is possible, by means 
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of two copper combs or connectors, to throw these re- 
sistances into parallel when the combs are placed in 
the cups, or into series when the combs are removed. 
If the ten resistances are all made exactly equal to 
begin with, we can then measure with great accuracy on 
a Wheatstone's bridge the resistance of the ten one-ohm 
coils in series, and know that the joint resistance of the 
ten coils arranged in parallel is one-hundredth part of 
their joint resistance when arranged in series. A resist- 
ance of T;\jth of an ohm can in the above manner be 
constructed. 



I_L. 



Fig. 96. — Resistances arranged in Parallel or Series. 

In the construction of resistances of the above kind, 
we have to guard against the changes produced in the 
resistance -by the rise of temperature caused by the 
current 

Referring to the Table of Resistivities of Metals and 
Alloys In Chapter V., it will be seen that many alloys 
combine small temperature coefficients with high re- 
sistivity. The attention of metallurgists has been directed 
to the production of such alloys, with the result that we 
now have many alloys of more or less constant com- 
position, and known by trade names, which fulfil the 
above conditions. Examples of these are given in the 
following table, for the sake of comparison. 

U 2 
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Composition and Temperature Coefficients of 

VARIOUS Alloys. 



Alloy. 


Composition. 


Approximate 

Resistivity in 

Microhms 

per Cubic 

Centimetre. 


a = Temperature 

Coefficient per 

Degree 

Centigrade. 


German- 


Copper 4 parts, 


20 to 30 


•0004 


silver. 


Nickel 2 parts, 
Zinc I part. 






Platinoid 


German-silver with 
a little tungsten. 


40 to 45 


•0003 


Manganin 


Copper 84 parts, 


42 to 46 


Zero at about 




Manganese 12 parts, 




15° c. 




Nickel 4 parts. 






Resista 


• • 


76 


•001 1 


Platinum- 


Platinum 33 parts, 


25 to 30 


•00025 


silver. 


Silver 66 parts. 






Manganese- 


Manganese 70 parts. 


100 


• 00004 


copper. 


Copper 30 parts. 






Cast-iron 


Iron with carbon 


80 to 100 


•0008 or 




and impurities. 




•001 


Steel 


Iron with carbon 


15 to 50 


•002 to '004 




and minute 


according to 






quantities of other 


composition 






elements. 


and temper. 





The resistance (R,) of a wire at any temperature t® 
Cent, is given in terms of the resistance (Ro) at 0° Cent, 
by the formula 

Rt = Ro(i+^t) 

where a is the temperature coefficient in the above table. 
Roughly speaking, we may say that if the resistance of a 
copper wire of any size is taken as unity, the resistance 
of wires of the same size, but of the different materials 
stated, will be greater in the ratio following. 
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For BrasSy multiply the cofper resistance by 4*5 
Iron „ „ „ , „ 6 

Gerfnan-silver „ „ „I2'5 

Platiimnt'Silver „ „ ,,15 

,, Platinoid „ „ „ 24 

„ Manganin „ „ „ 30 

It is very useful to carry in the memory the following 
facts : — 

Platinoid wire, No. 36 gauge S.W.G., has a resistance 
of about 4 ohms to the foot, and No. 18 a resistance of 
-j^^jth of an ohm per foot. 

In the case of copper, a length of 400 feet of No. 16 
wire has a resistance of one ohm ; of No. 18, 230 feet, 
and of No. 36, about 6 feet will be required to make a 
resistance of one ohm. 

§ 6. Current Carrying Capacity of Wires. — In all 
cases where resistances are used, we have to consider the 
current carrying capacity as determined by the temper- 
ature to which the resistance may safely rise. The rate 
at which heat is generated in a conductor is measured 
in watts by the product of the square of the current 
strength in amperes, and the resistance in ohms. 

The heat so generated can only escape through the 
surface of the wire. Hence there must always be surface 
enough in contact with the surrounding medium. If 
bare wires traversed by a current are exposed to the air, 
they will get too hot to touch unless they have a surface 
at least of one square inch per watt wasted in them. In the 
case of round bare wires of different diameters, the cur- 
rents which bring them to the same constant temperature 
are determined by the diameter of the wire, and by a 
certain numerical constant depending on the nature of 
the wire. The constant state is reached when the rate 
at which the heat is generated in the wire by the current 
is equal to the rate at which the heat gets out of the 
surface. The current producing any selected temper- 
ature varies as the diameter of the wire raised to the 
power of I J, or 
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The coefficient k depends on the material of which the 
wire is made. The current density in the wire is measured 
by the amperes per square centimetre or per square inch 
of cross section of the wire. 

In the case of insulated copper wires used for electric 
lighting conductors, the current density should never ex- 
ceed the amount which will bring the wire to 130** Fahr. 
or 55*^ Cent, when the current is passed continuously 
through them. The following table shows the sizes of 
cables and wires, insulated with indiarubber and cotton 
twist in the manner usual for electric lighting work, 
which will carry currents of various stated strengths. 

Current Carrying Capacity of Insulated Copper 

Wires and Cables. 



Size 


Safe Working 


Size 


Safe Working 


of Cable, 


Current in 


of Cable, 


Current in 


S.W.G. 


Amperes. 


S.W.G. 


Amperes. 


No. 18 


3'i 


7 
14 


32-0 


„ 17 


4-0 


« 


31 


„ 16 


4*9 


B 


49 


» 15 


5*9 


^ 


70 


„ 14 


7-0 


i-f 


100 


7 


9*3 


H 


150 


A 


14*0 


f^ 


180 


7 


23'a 







A fraction such as -^^ indicates a cable made of seven 
strands of copper wire, each No. 18 S.W.G. in size. 

In making what are called rheostats^ which are vari- 
able resistances to be placed in the path of a current to 
regulate it, it is usual to employ spirals of galvanised 
iron or German-silver wire. These spirals are arranged 
in an iron frame or open box, having on some part of 
it a rheostat handle^ by means of which one or more of 
the coils of wire can be inserted in circuit. In the con- 
struction of rheostats it is necessary to know the size of 
wire which can be used for different currents, and the fol- 
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lowing tables will supply that information. The spirals 
are assumed to be in a vertical position, and fairly well 
open to access of air. The temperature to which the 
different sizes of wire will be brought by the currents 
called the safe working currents is not more than can 
be easily borne by the hand placed upon them. 

The table marked Hadfields' Resista Wire gives the 
safe working currents for various sizes of a special high 
resistance alloy called Resista, 

Safe Current Carrying Capacity of Bare Galvanised 

Iron Wire. 







Safe Working 


Approximate 


• 




Size S.W.G. 


Current 
in Amperes. 


Nnmber of Feet 
per Ohm. 






10 


18 


200 






12 


13 


135 






14 


8-5 


80 






16 


6 


50 






18 


4 


38 






20 


3 


16 






22 


2 


9 






24 


1*25 


6 






26 


I 


4 




Current Carrying Capacity of 


Bare Resista Wire. 






Safe Working 


Approximate 






Size S.W.G. 


Current 
in Amperes. 


Number of Feet 
per Ohm. 






10 


15 


32 






12 


II 


22 






14 


7*5 


13 






16 


5-7 


8-4 






18 


4 


4-8 






20 


3 


2-6 


• 




22 


2-25 


1-6 






24 


1-6 


I'O 






26 


i'3 


'66 












■■ 
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Current Carrying Capacity of Bare German 

Silver Wire. 





Size S.W.G. 


Safe Working 

Current 
in Amperes. 


Approximate 

Number of Feet 

per Ohm. 






12 


8 


86 






14 
16 

18 


4-5 
3'2 

2 


49 

30 
16-3 






20 


1*2 


92 




• 


22 

24 
26 


0-8 
0-6 
0-4 


5*9 
4*4 
2-5 





A series of experiments was made by the author 
some years ago to determine the currents which, when 
passed through bare wires coiled on wooden rods, would 
bring them ultimately to one steady temperature, say of 
60° C. 

A number of wires were prepared of copper, brass, 
iron, German silver, each 25 feet long, and of six sizes 
respectively, Nos. 10, 12, 14, 16, 18, 20 B.W.G., the 
diameters being as given in the table below. These 
wires were coiled into spirals round wooden rods about 
one inch diameter, and the turns of the wire well sepa- 
rated, so that each coil or spiral was about 18 inches 
long. Measured steady currents were sent through 
these for some hours, and so adjusted that after the tem- 
perature had become steady the wires were all at a 
temperature of 60° C. The currents respectively carried 
were as follows : — 



No. lb 



16 



[ JNo. 10 

. . ) B.W.G. 
ize o wire ^^^^.^^j^ .^^^ .^g^ .^^^ .^^^ .^^^ 



Size 



diam. 
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Safe Currents carried expressed in Amperes, 

German silver . 18*75 '3'5 ^'^5 6 4*12 3 

Brass . . 30 18-75 i5 9'75 7*5 5*25 

Iron . . 18 13-25 10-5 8-25 5-25 3 75 

Copper . . 49-5 38 26-25 20-25 15-0 9 

These currents passed through the above-described 
naked spirals bring the respective wires to about a tem- 
perature of 60° C, when equilibrium is established. 

In the construction of resistances for use in testing 
dynamo machines, it is necessary to adopt some form 
which is cheap, not too bulky, and affords a large 
surface for radiation of heat. Thin hoop iron bent into 
zig-zag shape answers fairly well. Narrow bands of iron 
wire gauze make an effective resistance for the purpose, 
as it affords an immense surface of cooling, and can 
therefore be made to take a very high current density. 

One yard of hoop iron about half an inch wide and 
one-thirty-second of an inch thick measures about one- 
hundredth of an ohm. Hence 100 yards of it have a 
resistance of an ohm. Rods of electric light carbon are 
sometimes employed as resistances, but they are not 
suitable for use in cases where the resistance may be 
roughly used. One difficulty which attends the use of 
carbon is in getting effective contacts. The best plan to 
adopt is to dip the ends of the carbon rods in molten 
paraffin, and after they are well saturated, let the wax 
harden, then file the surface to free it from wax, and 
electrotype the ends with copper, and tin them by dipping 
in melted solder. To these tinned ends wire connections 
can then be soldered. 

In electric lighting circuits it is always necessary to 
insert at some place safety fuses, which are wires intended 
to be melted or fused by the current if it exceeds a 
certain value, so that the circuit may be interrupted, and 
the insulated copper conductors preserved from over- 
heating. 

Mr. W. H. Preece has determined the sizes of wires 
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made of various materials which will melt with stated 
ampere-currents, and it is exceedingly useful to have 
these values at hand. They are as follows : — 

Preece's Fuse Wire Table. 



Melting 


Approximate Gauge of Wire in B.W.G. Fused by the 




stated Currents in the case of the Metals. 




Currents in 








Amperes. 


Tin. 


Lead. 


Copper, 


Iron. 


I 


36 


35 


47 


40 


2 


34 


32 


43 


36 




3 


30 


28 


41 


33 




4 


26 


26 


39 


31 




5 


24 


24 


38 


29 




10 


20 


20 


33 


24 




15 


18 


18 


30 


22 




20 


17 


17 


27 


20 




25 


16 


16 


26 


19 


! 


30 


15 


15 


25 


18-5 


• ' 


35 


14*5 


14 


24 


18 




40 


14 


13 


23 


17-5 




45 


13 


12-5 


22*5 


17 




50 


12 


12 


22 


16 




60 


II-5 


2 


21 


15 




70 


io*5 


A 


20 


14 




80 


10 


fk 


19 


13-5 




90 


9'5 


fV 


18-5 


13 




100. 


9 


4 


18 


12 




120 


8 


3 


175 


rV 




140 


A 


A 


17 


A 




160 


T% 


4 


16-5 


A. 




180 


A 


4 


16 


A 




200 


t\ 


T% 


15 


A 




250 


rV 


A 


i3i 


A 





§ 7. Direct Reading Ammeters and Voltmeters. — 
In all practical electrical engineering and laboratory 
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work it is very convenient to have instruments which 
show at once by an indicating needle on their scales the 
value of a current in amperes or a potential difference in 
volts. Such instruments are called direct reading instru- 
ments. The desirable qualities for a direct reading 
instrument are that it should be accurate, keep accurate 
or at least keep a constant error, be dead-beat, that is, the 
indicating needle should come to rest without many 
vibrations after it has been disturbed. It should also not 
be disturbed by neighbouring magnetic fields, and not 
sensibly affected by changes of external temperature. It 



Fig. 97. — Weston Portable AmTneler aod Voltmeter. 

is also desirable that the scale divisions should be about 
equal in magnitude for equal differences of current or 
potential at all parts of the scale. Space does not per- 
mit of a description of all the existing forms of ammeters 
which even approximately comply with the above re- 
quirements. The Weston amperemeters and voltmeters 
(see Fig. 97) are, however, so convenient for most pur- 
poses for continuous current work that they should be 
mentioned. These instruments are practically movable 
coil galvanometers. In their construction a specially 
prepared steel magnet creates a constant magnetic field. 
In this field is placed a small coil of wire, the axis of 
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which is carried on jewelled pivots. The coil is controlled 
by a delicate spiral spring like the hairspring of a watch. 
The coil is fixed in the field of the magnet so that any 
current passing through the coil turns it round in the 
magnetic field. The coil carries a pointer moving over a 
divided scale. 

The instrument is practically a very sensitive movable 
coil galvanometer which can be used in any position. 
To convert it into an amperemeter for measuring large 
currents, the instrument includes in the case a resistance 
suitable for carrying the largest currents to be used. The 
terminals of the movable coil are connected to the ends 
of this resistance. Hence, when a current is passed 
through the instrument it really measures the difference 
of potential between the ends of a fixed constant 
resistance traversed by the current. If the current 
is only a very small one, it is measured by passing it 
directly through the working coil of the instrument. If 
the instrument is to be used as a voltmeter, then the 
working coil has in series with it another non-inductive 
coil of 15,000 or 20,000 ohms resistance. It may here 
be pointed out that, given any principle on which a 
galvanometer or current measuring instrument can be 
constructed, the same class of instrument may be used 
as a voltmeter if it has high resistance, and as an 
ammeter if it has low resistance. When we use an 
instrument as a voltmeter, what we desire to do with it is 
to measure in some way the difference of potential of 
two points on a circuit. In order that this may be 
correctly done, the instrument used must not sensibly 
alter the potentials. Hence, if the instrument works by 
reason of a current flowing through it, that current must 
be small, and therefore the internal resistance of the 
instrument large. If, on the other hand, the instrument 
is to be used as an ammeter, and inserted in a circuit, 
then we must have a low resistance instrument, in order 
that it may alter as little as possible the currents flowing 
in that circuit. 
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A galvanometer-voltmeter, as it may be called, work- 
ing by means of a current passing through it, and which 
is intended to measure potential differences up to 100 or 
1 50 volts, should not have a resistance of less than 2000 
to 30000 ohms. 

An amperemeter, on the other hand, should have Ji 
resistance of only a fraction of an ohm. 

An amperemeter intended for measuring very small 
currents is often called a milamperemeter. 

Since every direct reading instrument is certain to 
have some scale errors, it must from time to time be 
checked. This is best done by means of the potentio- 
meter. If the instrument to be checked is an ammeter 
and can be employed with continuous currents, then it is 
joined up in series with a suitable low resistance and a 
steady electric current sent through the two in series. 
The true value of the current is then obtained by the 
potentiometer as above described.* If the instrument is 
a voltmeter, then it is joined up in parallel with a volt- 
box resistance and a potential-difference applied to their 
common terminals. The value of this is determined by 
the potentiometer. A series of such observations are 
taken, recording the actual scale reading of the instrument 
for various currents or voltages, and the true value of the 
current or voltage. We then construct a curve of errors 
as follows : — 

A straight line is taken (see Fig. 98), and marked 
with equi-spaced divisions to represent the scale divisions 
of the instrument. At the several divisions perpendicular 
lines are set up to represent to some scale the differeftce 
between the scale reading and the true value of the 
current or volts which produces that scale reading. This 
perpendicular is drawn above the horizontal line if the 
scale error is positive, that is if the instrument reads too 
high at that point of the scale, and below, if the scale 
error is negative. A curved line is then drawn joining 

* For details of these processes the sttdent is referred to the author's 
* Electrical Laboratory Notes and Forms.* 
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all the tops of these perpendiculars. This curve shows 
the nature of the error at any point in the scale. Thus 
suppose that the instrument is an ammeter and indicates 
20 amperes when the real current going through it is 
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Fig, 98. — Error Curve of Direct-Reading Voltmeter. 

18 '5 amperes, the error is ^ plus or positive error, 
viz. + 1 • S amperes, and this amount has to be subtracted 
from the scale reading to obtain the true value of the 
current. Every direct reading ammeter and voltmeter 
should in this way be checked by the potentiometer. 

§ 8. Alternating Current Instruments. — All the 
instruments so far described in this chapter can only be 
employed for direct or continuous current measurement 
Instruments of the electrodynamic type can be used for 
alternating as well as for continuous current work. 

One of the most useful of these is the Siemens elec- 
tro-dynamometer. In this instrument there is a fixed 
coil of wire (see Fig. 99) attached to a support, and 
another larger coil embraces this fixed coil without 
touching it. The outer coil is suspended by silk fibres, 
and is free to move. The plane of the outer coil in 
its normal position is at right angles to the plane of 
the fixed coil. The outer or movable coil is terminated 
in two wires, which dip into fixed mercury cups, and by 
means of which the current passes into and out of the 
movable coil. The circuits of the fixed and movable 
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coils are joined up in series with each other. When a 
current is sent through the coils a cCuple, or torque, is 
brought into existence, tending to twist round the 
movable coil so as to place its axis more or less in tine 
with the axis of the fixed coil. The mechanical couple 
thus created is proportional to the square of the strength 
of the current through 
the coils. Hence, if the 
current is doubled in 
strength the couple is 
made four times, and if 
the current is trebled in 
strength the torque be- 
comes nine times as 
great. A controlling 
torsion spring is pro- 
vided with an indicating 
needle moving over a 
divided scale, and when 
the head of the spring 
is rotated, the twist 
given to the upper end 
of the spring, as read on 
the divided scale, can 
be made to counteract 
the action of the elec- 
trical forces and main- 
tain the movable coil, 
to which the lower end 
of the spring is attached, 
in its zero or normal position. The angular twist given 
to the upper end of the spiral spring is a measure of the 
mechanical torque due to the spring, and this may be 
made to equilibrate or balance the torque due to the elec- 
trical forces. Hence the angular' twist which must be 
given to the head of the spring to maintain the movable 
coil in its zero position is proportional to the square of the 
dtrength of the current. Accordingly, if in two separate 
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cases we find that twists of 25° and 49® are required to 
restore the movable coil to the normal position with 
regard to the fixed coil, we know that the square roots 
of these numbers, viz. 5 and 7, are proportional to the 
current strengths making those deflections. The constant 
of the electrodynamometer is the number by which the 
square root of the restoring twist of the spring head must 
be multiplied in order to obtain the ampere- value of the 
current through the coils. This constant can- be ob- 
tained by calibrating the electrodynamometer by means 
of a potentiometer. The value of the constant is always 
furnished by the maker, together with a table of square 
roots. 

Lord Kelvin has devised a complete series of instru- 
ments for measuring electric currents, called Ampere 
BalanceSy which are really electrodynamometers. In 
order to avoid the employment of mercury cups, he 
invented a \txy ingenious method of suspending a coil 
so that it was exceedingly free to move through a small 
range, and yet maintained in conducting connection with 
fixed terminals. The general construction of a Kelvin 
balance is seen in Fig. 100. In these instruments an 
arm, like the arm of a balance, carries at each end a cir- 
cular coil of wire, with its plane horizontal. This arm is 
suspended from two trunnions, placed in the centre, by 
ligaments consisting of many parallel strands of fine 
copper wire. These strands are soldered to the trunnions 
of the arm and to fixed supports. The current enters 
and leaves the coils by these ligaments. The movable 
coils are placed between fixed coils, two fixed coils being 
situated at each end of the balance, and the six coils are 
so joined up in series (see Fig. lOi) with each other that 
the movable coil at each end of the arm is repelled by 
one fixed coil and attracted by the other when the 
currents flow through them, in consequence of the fact 
that conductors parallel to each other repel or attract 
according as the electric currents in them are in the 
opposite or in the same direction. The forces are so 
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arranged that they tend to tip over the balance arm in 
one and the same direction. The balance is then restored 
by sliding a weight along a tray attached to the balance 
arm, and from the position of this weight, as read off 
on a scale fixed to the tray, the ampere- value of the 
current can be obtained. A whole series of these in- 
struments have, been devised by Lord Kelvin, called 
kilo-ampere balances, deka-ampere balances, deci-ampere 
balances, &c., according to the range of current values 
for which each instrument is suitable. These instruments, 
like the Siemens electrodynamometer, are adapted for 
the measurement of both alternating and continuous 




Fig. loi. — Connections of Kelvin Ampere- Balance. 

currents. The reason for this is as follows. If two con- 
ductors are placed in contiguity to one another, and if 
the same current is sent through these conductors, a me- 
chanical force is created which tends to attract the con- 
ductors together or to repel them apart. The mechanical 
force requisite to hold the conductors in their initial 
position is proportional to the square of the strength of 
the current. Hence, if the current is an alternating one, 
the mean mechanical force required to maintain the 
conductors in position is proportional to the mean square 
value of the current, and hence the square root of the 
restoring force is proportional to the root-mean-square 
value of the varying current. This last, however, is the 
value v/hich we wish to determine. The only condition 
necessary to secure success is that the periodic time of 
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the current must be small compared with the time of 
free vibration of the movable coil. The readings of the 
dynamometer are then independent of the frequency of 
the current, and only determined by the R.M.S. value of 
the current 

Alternating and continuous currents are said to have 
the same numerical value in amperes if they equally 
affect an electrodynamometer or Kelvin Balance. In 
the same way currents thus equal in dynamometer 
value will produce heat at an equal rate in the same 
wire. 

When an electric current flows through a wire it 
heats it, and the rate of production of heat is at any instant 
proportional to the square of the current strength. 
Hence, if the current strength is changing from instant 
to instant, the total quantity of heat produced in the 
wire in any given time is proportional to the mean of the 
square of the current strength. Under fixed conditions, 
the temperature which the wire will assume will depend 
upon this mean square value of the current ; for the wire 
attains its final temperature when there is a balance be- 
tween the rate at which heat is generated in it and the rate 
at which heat is lost by it. The wire loses heat in three 
ways — by convection, by radiation, and by conduction. 
If a wire is enclosed in a tube in such a way that con- 
vection is nearly prevented, then the wire attains a final 
state of temperature, when there is a balance between 
the rate at which the wire loses heat by radiation, and 
gains it by internal generation. Under these conditions, 
the final temperature, and therefore the length of the 
wire, are determined, not by the true average, but by 
the mean square value of the current strength. If, 
therefore, the current is an alternating current, the final 
temperature, and therefore the length of the wire, enables 
us to measure this mean square value of the current. 

We have seen that a continuous current of one ampere 
has been defined as an unvarying current of electricity, 
which when passed through a solution of a silver salt, de- 

X 2 
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posits 001118 gramme of silver per second, or 4*0248 
grammes per hour. This may be taken as the practical 
definition of what is meant by an electrical current having 
a strength of one ampere when that current is an unvary- 
ing current. An alternating current cannot, however, be 
estimated by this electrochemical method, but it is de- 
fined as follows : — An alternating current of one ampere 
is understood to be a periodic current, which, when passed 
through a conductor, brings that conductor to the same 
final steady temperature as would an unvarying cur- 
rent of one ampere if passed through it under the same 
conditions. It is therefore an alternating current whose 
root-mean-square value is unity, assuming the instan- 
taneous values to be measured in fractions or multiples 
of an ampere. 




Fig. 102. — The Cardew Voltmeter. 

We can accordingly make use ot the above fact to 
construct instruments which shall measure the R.M.S. 
value of a periodic current, and which depend upon the 
thermal action of the current. 

The well-known Cardew voltmeter is an instrument 
of thiis kind. 

In this instrument a platinum-silver wire (see Fig. 
102), of about 300 ohms resistance, is stretched in a 
tube, and, for the sake of compactness, the wire is folded 
backwards and forwards four times over small ivory 
pulleys. One end of this wire is fixed, and when a 
current, alternating or continuous, is sent through the 
wire it becomes heated, and it attains a final constant 
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temperature if the current passing through it is constant 
or regularly periodic. The wire therefore elongates, and 
the expansion of the wire is measured and detected by a 
multiplying gear of the following kind. The elongation 
of the wire is made to cause revolution of a mechanism 
consisting of an inter-gear of wheels and pinions, and to 
the last axis of the series an indicating needle is attached, 
moving over a divided dial. The wire has to be held 
in a tube or frame, and there are two types of this instru- 
ment, called respectively the rod and the tube type. In 
the rod type of instrument, which is the easiest to manu- 
facture, the platinum-silver wire is kept extended by 
being fastened to two rods, each formed one third of iron 
and two-thirds of brass. The whole instrument \t then 
enclosed in a brass case. When a current is passed 
through the wire it heats it, and the rods become heated 
also by radiation from the wire. It takes a certain time 
before the rods settle down into a final state of tem- 
perature, in which the heat received by them is equal to 
the heat radiated by them. Until this is the case, the 
instrument does not come to its final reading. In the 
other type of instrument, called the tube instrument, the 
wire is attached simply to a similarly compound brass 
and iron tube, which forms the case of the instrument. 
In this latter type the outside tube arrives very much 
more quickly at its final state of temperature, and hence 
the instruments of the tube type are preferable for 
accurate work on account of the fact that they thus come 
much more quickly to their final readings when put upon 
the circuits. 

In either case the final state is reached when the 
wire has attained a constant temperature. When this is 
the case the recording mechanism measures the difference 
between the total expansion of the wire, and that of the 
rods or tube. This expansion is a measure of the excess 
of temperature of the wire, due to the current, and, 
therefore, of the rate of generation of heat in it. Hence 
it is also a measure of the root-mean-square value of the 
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current flowing through the wire, and therefore also of 
the R.M.S. value of the potential difference of the ends 
of the wire. The instrument may therefore be graduated 
as a voltmeter or as an ammeter. 

A disadvantage which the rod instrument possesses 
is that there is generally a considerable negative varia- 
tion of the needle, on taking off the current. The rods 
do not cool as quickly as the wire, and therefore when 
the current is taken off, the needle goes back beyond 
the zero of the scale. The instruments are generally 
made for reading voltages from 40 to 150 volts. In the 
manufacture of the instruments the wire has first to be 
carefully aged by putting current on and off for some 
time at intervals of one minute, so as to heat and cool 
the wire. In this way irregular variation in expansion 
is abolished, and the platinum-silver wire is brought into 
a condition in which it always is the same length at the 
same temperature. These Cardew voltmeters are really 
of course alternating current ammeters, and take a 
current of about one-third of an ampere at 100 volts. 
The instrument of this range therefore dissipates a power 
of 30 watts, and, as we shall point out later on, has the 
disadvantage of wasting a certain amount of energy if 
kept continuously upon the circuit, but, in spite of this 
fact, when carefully made the Cardew voltmeter is an 
instrument of great value for measuring alternating 
current pressure. A special form of this Cardew volt- 
meter is made by the Edison-Swan Company for engine- 
room purposes, the dial of which is very large, and which 
is graduated say from 80 to no volts. In this way such 
a graduation is given to the instrument that a variation 
of one volt can be easily seen at a considerable distance. 

In the employment of thermal voltmeters it is neces- 
sary to avoid convection currents or movements of air 
in the enclosing tube or case. In using a Cardew volt 
meter it is generally found best to place the instrument 
with the tube in a horizontal position. The variable 
cooling effects of the air currents in the tube are then, to 
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some extent, prevented. If a Cardew voltmeter is used 
with its tube vertical, the needle will be observed to make 
small movements to and fro, even if the current is per- 
fectly steady. These movements of the needle may, if 
they occur, prevent the pressure from being accurately 
read within less than one volt. 

We must next pass on to consider instruments which 
depend on electromagnetic action, and in order to under- 
stand the principles on which such instruments act, we 
must first explain one or two elementary facts with regard 
to the behaviour of iron in a magnetic field. A piece of 
soft iron, when placed in a varying magnetic field, tends 
to move from weak to strong regions of magnetic flux 
density, and other things being equal, the mechanical 
force so displacing the iron at any point is proportional 
to the product of the strength of the field, and the rate 
of change of the field at that point. This principle has 
been employed by many inventors in the design of 
ammeters and voltmeters. 

In these instruments a small plate of soft iron is 
attached to a lever pivoted eccentrically in between 
two flat coils of insulated wire in such a manner, that 
if the iron is displaced from the centre to a point near 
the interior surface of the bobbin, that movement is 
indicated by a needle. Hence, when any current is 
passed through the coil, a moving force is brought to 
bear on the iron, tending to displace it from the centre 
to the edge of the coil. The reason for this movement 
is that the field of a shallow circular coil is weakest 
at the centre or axis of the coil. A weight on the lever 
is so arranged as to resist this movement, and the instru- 
ment may be calibrated for different current strengths, 
and constitutes what is called a gravity instrument, 
because no springs are used in its construction. 

Fig. 103 shows the appearance of a Thomson am- 
meter for alternating currents made on the above prin- 
ciple. 

Another verv similar instrument has been devised by 
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Dolivo-Dobrowolsky. In this instrument, which is In- 
tended for the measurement of alternating currents, 
there is a bobbin of wire, and in the aperture of this 
bobbin is suspended a very slender fragment of iron 
wire. When an alternating current is passed through 
the coil, the iron is drawn down into the coil, owing to 
the tendency it has to move from weak to strong places 
in the field. This movement of the iron is resisted by 
:he weight of a small mass placed on the lever which 
carries the iron. A needle, attached to the axis which 



Pig. 103. — Thomson Alternating Current (\rometer. 

carries the fragment of iron wire, moves over a graduated 
scale, and the instrument can be calibrated as an alter- 
nating current ammeter. 

Another instrument largely in use, which resembles 
in general construction the ammeter of Elihu Thomson, 
has in it a flat fixed coil through which the current to 
be measured passes ; and on an eccentric axis, passing 
through this bobbin, there is fixed a small plate of iron. 
The field of ihe coil is made weaker m one part than 
in others by placing a fixed plate of iron in the opening 
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of the bobbin. When a current is passed through the 
coil, the movable plate of iron is repelled from the fixed 
plate, and in so doing turns round the axis to which it 
is attached. An indicating needle fastened to the axis 
moves over a divided scale. 

A fourth instrument depending on the electromag- 
netic principle is that of Evershed. In Evershed's alter- 
nating current ammeter there is a fixed coil of wire 
through which an axis passes. This axis carries a small 
piece of soft iron fixed on a shaft like the head of a 
hammer, and an indicating needle is also fixed to the 
axis. Within the coil there are two soft iron cheeks, 
and between these is formed a strong magnetic field 
when a current passes through the coils. On passing 
the current the movable piece of iron is drawn down 
between the two fixed cheeks, and this movement is re- 
sisted by a weight carried on the axis. The piece of 
soft iron therefore takes a definite position under any 
given current which depends on the relative forces acting 
upon the piece of soft iron. In these electromagnetic 
instruments it is necessary that the calibration should be 
made for the particular frequency at which they are to 
be used. We must not take it for granted in using an 
instrument of this class that its readings for the same 
R.M.S. value of the current will be identical for alter- 
nating currents of different frequencies, as the inductance 
of the coil will in general tend to reduce the readings as 
the frequency increases. In the Evershed ammeter, a 
compensation is provided to meet this difficulty, and to 
make the instruments give identical indications, although 
the frequency of the alternating current may be varied. 
The working coii is shunted by an inductive shunt ; this 
shunt takes about 6 per cent, of the total current in the 
case of continuous currents, but only about 2 per cent, 
or less, in the case of alternating currents. The result 
is that the working coil takes more current with alter- 
nating currents as the frequency increases, and a com- 
pensation is thus provided for the inductance of the coil 
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All the instruments so far described, the Siemens 
dynamometer, the alternating current ammeters made 
by Nalder, Evershed, Thomson, and Von DoHvo-Dob- 
rowolsky, can be converted into alternating current volt- 
meters by winding them with very high resistance wires, 
or putting part of that resistance in the form of a non- 
inductive resistance associated with the measuring part. 
In Evershed's voltmeter there is a compensation for 
frequency which is worth noting. The voltmeter coil 
has placed in series with it a coil, the terminals of which 
are shunted by a condenser. This shunted condenser 
has the property of neutralising the inductance of the 
voltmeter coil, and if properly adjusted, the instrument, 
may be made to give identical scale indications for 
alternating pressures of widely different frequencies, and 
be practically compensated for frequency. 

We must pass on to notice instruments for the 
measurement of alternating electromotive forces which 
depend upon electrostatic attractions. These electro- 
static instruments have for many purposes great advan- 
tages, the most notable of which is that they do not 
consume power, and that therefore they may be left on 
the circuits indefinitely without expense. Lord Kelvin's 
electrostatic voltmeter for high pressures is a well- 
known instrument of this kind. It consists (see Fig. 
104) of four quadrant-shaped plates which are connected 
to one terminal of the instrument Suspended between 
these plates, but insulated from them, is a paddle-shaped 
aluminium needle, which swings on very delicate pivots. 
The needle is connected to the other terminal of the 
instrument. The instrument, in fact, forms a condenser, 
of which one plate is fixed and the other is movable. 
When a difference of potential, varying from 1 000 to 
5000 volts, is produced between the terminals of the 
instrument, the movable plate is attracted in between 
the fixed plates. This movement is resisted by weights, 
which are hung on the bottom of the needle. 

When two plates, in fixed positions, have produced 
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between them a difference of potential, the force re- 
quired to hold them in any given position is proportional 
to the square of the difference of potential between 
them. To the end of the aluminium needle is attached 



fig. 104.— Lord Kelvin's Vertical Electrostatic Voltmeter. 

a long pointer, moving over a divided scale, and the 
instrument is graduated in such a manner as to read 
directly in volts. Since the attraction between the plates 
depends upon the square of the potential difference, it 
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is independent of its direction, and therefore the instru- 
ment works equally well wfth direct or alternating 
pressures ; and, in this latter case, it gives us the root- 
niean-square value of the potential difference between 
the terminals of the instrument 



Fig. 105. — Lord Keivin's Multicellular Elect ros.aiic VoUmeler. 

Another instrument, also invented by Lord Kelvin, 
but adapted for measuring lower pressures, is the multi- 
"ellular electrostatic voltmeter. In this instrument there 
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are a series of quadrant-shaped plates (see Fig, 105), 
placed one above the other, which are called cells. 
There are then a series of paddle-shaped needles, all ' 
attached to a common axis, which is hung up by a 
platinum silver wire. The normal position of the needles 
is just outside the quadrants, but if a difference of 
potential is created between the needles and the cells, 
the needle is drawn or attracted into the cells. This 
movement is resisted by the torsion of the suspending 
wire. An indicating needle, attached to the axis, moves 
over a divided scale ; and the instrument, which can be 
arranged to measure from 40 volts upwards, gives us, 
therefore, the root-mean-square value of the potential 
difference between the cells and the needle. 

In these instruments there may be a very small error 
in the reading, which is dependent upon the existence 
of a small electromotive force ot contact between dif- 
ferent metals. If the cells are made of brass and the • 
needle of aluminium, there is a small contact difference 
of potential which is due to these different metals, and 
which may amount to something less than half a volt. 
Accordingly, it will be found that in such an instrument 
reading, say 100 volts, the reading given by the instru- 
ment will depend, to a slight extent, upon whether the 
cells are positive or negative, and a small correction 
has to be applied depending on the manner in which 
the instrument has been joined up in calibrating it 

Lord Kelvin has also devised a form of multicellular 
voltmeter which is useful for many purposes, as it has 
a vertical scale, and the instrument (see Fig. 106) is 
intended to be attached to a switch-board. The advan- 
tage of these electrostatic instruments in that they 
take up no power, is considerable in electrical engineer- 
ing practice. Take for instance a thermal voltmeter 
absorbing 30 watts, and assume that this instrument 
is kept connected to the circuits in the dynamo room 
of a central station all the year round. Since there are, 
roughly, 8000 hours in a year, this instmment, absorbing 
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30 watts, would in one year dissipate Z40 Board of 
Trade units of electric energy. If we reckon this 
energy as costing id. per unit, it is evident that this 
instrument will cost 240^., or i/. per annum, to keep it 
going. In reading alter- 
nate current pressures 
higher than lOO volts, a 
transformer has to be 
interposed between the 
circuits and the volt- 
meter, to reduce the pres- 
sure. This transformer 
will also use up energy, 
and if it takes no more 
than the voltmeter it will 
also waste i/.'s worth of 
electric enei^ in the 
course of a year. We 
see, therefore, that an 
electrostatic instrument 
which wastes no enei^y 
at all has, in cost of up- 
keep, a great advantage 
over the electrothermal 
or the electromagnetic 
type of instrument, and 
in fact we can afford to 
spend a larger sum of 
money on an electrostatic 
instrument, and yet effect 
a total saving in the cost 
Fig. io6.-Lord Kelvin's Vertical o*" the electric measure- 
Eleciroiiatic Voltmeter. ments in that station. 

For suppose we capital- 
ise our annual energy loss at 10 per cent, we see that 
an instrument of the electrostatic type, compared with 
one of the electrothermal or the electromagnetic type, 
effects a very considerable economy. 
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We may employ these electrostatic voltmeters for 
the measurement of alternating currents, and convert 
them into alternating current ammeters in the following 
way. Let a non-inductive resistance, §ay of platinoid 
wire, be constructed, which is capable, without sensibly 
heating, of passing the current to be measured, and let the 
resistance of this wire be accurately known. Then to 
the ends of this circuit attach an electrostatic voltmeter. 
Knowing the difference of pressure between the ends 
of the wire and its resistance, we know the current 
flowing through it. In many cases, as in measuring the 
primary current of a transformer at no load, it is much 
more convenient to employ such an electrostatic volt- 
meter and non-inductive resistance than any other 
method. A suitable non-inductive resistance can always 
be made with coils of platinoid wire, joined in parallel ; 
and these must be so adjusted that the final temperature 
they attain is not more than a few degrees above the 
normal temperature. 

§9. Measurement of Electrical Power. — When 
any electrical device or apparatus is being supplied with 
electric current at a certain pressure it is taking up elec- 
trical power. Thus, for instance, if a current of 0*5 
ampere is passing through an incandescent lamp, and if 
the terminal voltage or potential difference at the ter- 
minals of the lamp is 100 volts, then the lamp is taking 
up electrical power represented by 'S x 100 = 50 watts. 
In all cases where the current is supplied as a con- 
tinuous current, whether the device be a lamp, motor, 
electrolytic cell or anything else, the electrical power 
taken up reckoned in watts is obtained by multiplying 
together the ampere value of the current and the number 
representing the terminal volts, or volts between the 
terminals of the apparatus. 

When a current is flowing through a conductor it 
dissipates energy, and the rate at which this energy is 
dissipated is spoken of as the power taken up in that 
circuit. When a constant current is flowing through a 
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conductor, if we measure the current in amperes and the 
difference of potential between the ends of the circuit in 
volts, the product of these two numbers gives us the 
power taken up in the circuit measured in watts. In 
this case tsvo simple measurements give the required 
rate of dissipation of energy in the conductor. If, how- 
ever, we have to deal with an alternating current cir- 
cuit, in which the current strength is varying from in- 
stant to instant, according to a periodic law, and if 
likewise, the difference of potential between the ends of 
the circuit is varying in the same periodic manner, we 
cannot always obtain the measurement of the mean 
power taken up in the circuit, by taking the product of 
the root-mean-square value of the amperes and root- 
mean-square value of the volts. What we really require 
in this case is the mean value of the power taken up in 
the circuit. We can obtain the measurement of the mean 
power if we can measure at every instant the true value 
of the current strength and the difference of potential. 
Suppose these instantaneous values of the current and 
pressure known at equidistant intervals taken throughout 
one complete period. If we then multiply the instan- 
taneous value of the current by the corresponding value 
of the pressure, or difference of potential, we obtain a 
number representing the instantaneous value of the 
power, and if we imagine the period divided into a large 
number of equidistant intervals of time, and those pro- 
ducts taken at every such instant, then the mean value 
of these products taken throughout the period will give 
us a close approximation to the mean value of the 
power being absorbed by that circuit. 

We have seen in a previous chapter that it is possible 
to determine and describe curves representing the instan- 
taneous values of the current and electromotive force in 
the case of an alternating current circuit, but this in 
general is not a simple matter to do, and we have there- 
fore to resort to other methods of obtaining the required 
•^ower measurement. 
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In dealing with the power taken up in alternating 
current circuits, there are two cases to be considered. 

The first case is that in which the circuit is non- 
inductive. In that case, as before explained, the im- 
pedance of the circuit is the same as its resistance, 
numerically speaking. For such circuits the alternating 
current flowing in the circuit is in step, as regards phase, 
with the alternating potential difference between its ex- 
tremities. When this is the case the power taken up in 
that circuit can very easily be measured. If we measure 
the root-mean-square value of the alternating current by 
means of any of the balances or dynamometers already 
described, and if by means of any of the electrostatic or 
thermal voltmeters we measure the root-mean-square 
difference of potential between the ends of the circuity 
and multiply these two mean-square values together, we 
obtain the mean value of the power taken up in the 
circuit, and we arrive at the same result as if we had 
been able to measure separately the instantaneous values 
of the current and potential difference at numerous equi- 
distant intervals throughout the phase, and taken the 
mean value of their products. 

As an instance of this, it may be pointed out that an 
incandescent lamp may be treated as a practical non- 
inductive circuit. If an incandescent lamp is traversed 
by an alternating current, and we measure the current 
flowing through the lamp by means of, say, a Siemens 
dynamometer, and the potential difference between the 
terminals of the lamp by means of an electrostatic 
voltmeter, and if we multiply the two scale readings of 
these instruments together, we obtain the mean value of 
the power measured in watts taken up in the lamp. 

So far then all is quite simple, and in dealing with 
any circuit which we know, or can prove to be, practi- 
cally non-inductive, we have no difficulty, by means of 
two instruments of the proper kind, in determining the 
real mean power taken up in the circuit. Our difficulties 
come in when we have to deal with circuits such as 



322 MAGNETS AND ELECTRIC CURRENTS. 

transformers, which, when riot fuliy loaded, we know to 
be inductive. If, in this case, we can determine numerous 
instantaneous equidistant values of the current, and 
difference of potential between the ends of the circuit, 
then proceeding as above described we can graphically 
find the mean value of the power taken up in the circuit. 
If, however, it is not convenient to do this, we cannot 



Fig. 107. — Power Curves for a Non-iaducliTe GrcnlL 



proceed to measure the root-mean-square values of the 
current and electromotive force, and then multiply them 
together. Such a proceeding would lead to a consider- 
able over-estimate of the real power taken up in tlie 
circuit. Without going into elaborate proof of this, 
it may be simply sufficient to present the following 
figures. 

In Fig. 107 are shown two simple harmonic curves 



ELECTRIC MEASURING INSTRUMENTS, 323 

in step with one another. Let the semi-period of each 
curve be divided into eight equidistant parts, and ordi- 
nates be erected at each point. The values of these 
ordinates for the two curves represent equidistant instan- 
taneous values of these periodic current and electromotive 
force curves. By squaring each of the values of the ordi- 
nates, and taking the square root of the mean of the 
squares, we obtain for each curve a number which would 
represent the instrumental value obtained by an alternat- 
ing current dynamometer or voltmeter. If we multiply 
together the simultaneous values of current and electro- 
motive force, we obtain a number, given by the dotted 
curve, which represents the instantaneous value of the 
power taken up in the circuit, and if we take the mean 
value of all these separate instantaneous values of the 
power, we obtain the same number as we do if we take 
the products of the square roots of the mean of the squares 
of the instantaneous values of the current and electromotive 
force. Hence, we see that when the two simple harmonic 
curves are in step with one another, the product of the 
square roots of the mean of the squares of the separate 
ordinates is equal to the mean value of the products of 
the corresponding ordinates. 

In Fig. 108 are shown two periodic curves, which may 
be taken to represent a current and an electromotive force 
curve, but one of which is displaced backwards relatively 
to the other. This is what happens in an inductive cir- 
cuit, where the periodic current always lags in phase 
behind the periodic electromotive force. 

If we perform the same operations on the ordinates 
of these curves, we find that the product of the root-mean- 
square values for the two separate curves is in excess of 
the mean of the product of the instantaneous equidistant 
values for the two curves. In other words, if in such a 
circuit we measure the current by means of a dynamo- 
meter, and the potential difference between the ends by 
means of an alternating current voltmeter, the product 
of these two numbers gives us a number which is in 

y 2 
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excess of the true value of the mean power taken up in 
the circuit 

We can at once measure the power-absorption of an 
energy transforming apparatus, when using continuous 
currents, by the employment of an ordinary direct cur- 



Fig. 108.— Power Corves for an Indaclive Circuit 

rent ammeter to measure the current going into it, and a 
voltmeter to measure the terminal volts, the instrument 
being arranged as shown in Fig. 109. 

In this use of the instruments, the voltmeter must 
either be an electrostatic voltmeter or else of very high 
resistance if a current-taking instrument. Otherwise, if 
a rather low resistance voltmeter is used, the current 
which it takes up is reckoned into the reading of the 
ammeter ; and a correction must be made for it before 
we can obtain the true value of the current taken by the 
device being tested. 

The potentiometer can, of course, be used to make 
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both measurements of volts and currents. In the testing 
of incandescent electric lamps, where we wish to know 
the power taken up by the lamp, it is usual to employ 
either a potentiometer or a good direct-reading ammeter 
and voltmeter. 

The absorption of power being measured in watts, 
we can immediately obtain the horse-power absorbed by 
dividing the watt-power by 746. Thus, if a house takes 
a total current of 50 amperes at 100 volts to electrically 
light it, the power taken up is 50 X 100 = 5000 watts ; 

the horse-power being used is ^ ^6'j H.P. 

746 




Fig. 109. — Measurement of Continuous Current Power. A, am- 
meter ; V, voltmeter ; C, coil in which electrical power is 
being taken up. 

If, however, the current is supplied in the form of an 
alternating current, we have just shown that we cannot 
obtain the value of the power absorbed by separate 
measurements with an ammeter and a voltmeter, unless 
the circuit to which the power is being supplied is non- 
inductive. It has already been explained that when an 
alternating current flows through an ammeter suitable 
for measuring it, the instrument tells us the root-mean- 
square value of the current. In the same way an alter- 
nating voltmeter reads for us the R.M.S. value of the 
voltage. 

Suppose, then, that an alternating current is being 
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supplied to a transformer, and that we desire to know 
the power or mean power being taken up in it. 

The current is not continuous but is varying through 
a cycle of values, and, as we have seen, the alternating 
potential difference at the terminals of the transformer 
is not in general in step with the alternating current. 
The current lags behind the voltage in phase. At any 
instant, however, the power being given to the trans- 
former is measured by the product of the instantaneous 
value of the voltage and current ; and this product gives 
us what may be called the instantaneous value of the 
wattage or power being taken up in watts. The power 
absorbed is therefore not constant, but fluctuating. We 
can, however, discover the trtie mean power being taken 
up. The value of this true mean power cannot be ob- 
tained merely by multiplying the R.M.S. value of the 
current by the R.M.S. value of the voltage, unless the cir- 
cuit tested is a non-inductive circuit, and therefore the 
current in step with the impressed voltage. If the current 
is not in step with the voltage, then the true mean power 
being taken up is obtained by multiplying together the 
R.M.S. value of the current, the R.M.S. value of the vol- 
tage, and a number called th^ power factor of the circuit. 

If the current and voltage curves are sine curves, then 
the mean power can be obtained by multiplying together 
the R.M.S. value of the current and volts, and the cosine 
of the angle of lag of the current behind the potential 
difference or voltage.* 

We can, however, employ an electrodynamometer 
such as that of Siemens (already described), in such a 
way as to enable us to measure the mean value of the 
power being given by an alternating current to any 
circuit, inductive or not, and whatever may be the form 
of the current wave. 

* The proof of these propositions cannot be given without a mathe- 
matical discussion. The student who is desirous of further information on 
these points is referred to the author's treatise on * The Alternate Current 
Transformer in Theory and Practice,* vol. i. 
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In this use of the instrument it is called a Wattmeter^ 
and is arranged as follows : — 

Let the fixed coil of the electrodynamometer, similar 
to that shown in Fig. 99, be placed in series with the 
circuit in which we desire to measure the power being 
taken up. Let the movable circuit of the dynamometer 
consist only of a few turns of 
wire, and let this movable circuit 
have joined in series with it a 
non-inductive resistance, which 
may be formed either of coils 
of wire or incandescent lamps. 
Let this movable circuit with 
its added resistance be placed 
as a shunt across the ends of the 
circuit in which it is required to 
measure the power, being joined 
up as shown in Fig. Jio. Then, 
when the alternating electro- 
motive force is applied to the 
circuit, the fixed coil of the 
dynamometer (now called a 
wattmeter) will be traversed by 
a periodic current identical with pjg no.— Diagram of Connec 

that passing through the indue- tions for Measuring Altemat- 

tive resistance. The movable 
coil of the wattmeter will be 
traversed by a current which 
will be in step as regards phase 
with the potential difference be- 
tween the ends of the inductive 
circuit. When the dynamometer thus has its two cir- 
cuits traversed by two currents, the force required to 
hold the movable circuit in its normal position against 
the electrodynamic forces is at any instant proportional 
to the product of these currents. If, then, the currents 
vary from instant to instant, and if the time of vibration 
of the movable coil is very long compared with the 






ing Current Power with the 
Wattmeter. S, fixed or series 
coil of Wattmeter ; Sh, shunt 
or movable coil of Wattmeter ; 
R, added non-inductive resist- 
ance ; T, circuit in which 
power is being measured. 
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periodic time of the current, the mean value of the torque 
required to hold the movable coil in its normal position 
— with its axis at right angles to that of the fixed coil — 
will be proportional to the mean value of the products 
of the currents in the fixed and movable coils respec- 
tively ; that is to say, will be proportional to the mean 
power being taken up in the inductive circuit. The 
torque required to hold the movable coil in its normal 
position may be furnished by the torsion of a spring, and 
hence we can with such an instmment read off the mean 
power being taken up by the inductive circuit, provided 
that the wattmeter is already standardised. The best wa}'- 
to standardise the wattmeter is to apply the wattmeter 
to measure the power taken up in a known standard 
non-inductive circuit, and at the same time to measure 
— ^with an alternating current ammeter and voltmeter — 
the root-mean-square value of the current flowing through 
this circuit and root-mean-square value of the potential 
difTerence between its ends. In this way we apply the 
wattmeter to measure the known power being taken up 
in a non-inductive circuit (obtained by taking the product 
of the readings of the aforesaid instruments), and we then 
obtain the constant of the instrument. The constant of 
the instrument is the number by which we must multiply 
the necessary twist of the head of the torsion spring 
of the wattmeter reckoned in scale divisions, which gives 
the required torque, to obtain the mean power in watts 
passing through the instrument. 

The conditions of success in the use of the wattmeter 
are as follows : — 

1st. The current through the series coil of the instru- 
ment must have the same value as the current through 
the circuit to be measured, and the current through 
the shunt coil of the wattmeter must be exactly in step 
with the difference of potential between the ends of that 
shunt circuit ; in other words, the shunt circuit must be 
strictly non-inductive. This can only be secured by 
winding the movable coil of the wattmeter with no very 
large number of turns. 
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It is convenient to call the product of the root-mean- 
square value of the amperes and the root-mean-square 
value of the volts the apparent watts taken up by the 
circuit, and to call the true mean value of the power as 
read by the wattmeter the true watts taken up by the 
circuit 

The ratio between the true watts and the apparent 
watts is called the power-factor of the circuit. Thus, for 
instance, in the case of a transformer on open circuit — 
the transformer being of the closed magnetic circuit type 
— the power-factor is about 0*7 ; in other words, the real 
power is only | of the apparent power. In the case of 
a transformer of the open magnetic circuit type, the 
power-factor may be as small as o* i. Hence we see that 
a great error might be committed by taking the product 
of the instrumental readings as simply representing the 
true mean power taken up in the circuit. 

The power-factor (P.F.) is related to the apparent 
power or product of the amperes (A) and volts (V) 
(R.M.S. values), and to the true power or true watts 
(W) (mean value) in the manner represented by the 
formula — 

«, -., W true watts 

A V apparent watts 

§ 10. Watt-hour Meters and Ampere-hour Meters 

— In the supply of electric energy for commercial pur- 
poses it is essential to record the total energy given to 
any circuit in any time, and the total electric quantity 
irrespective of variations in the power or the current 
Consider, for instance, the supply of electric current to a 
house, and for the sake of simplicity let it be a continuous 
current. Let the current vary from time to time. Sup- 
pose a horizontal line taken to represent the 24 hours of 
the day, and let it be divided into 24 parts, and at each 
interval a vertical line drawn representing to some scale 
the current then flowing into the house. The curve 
drawn to touch the tops of all these ordinates includes 



1 
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an area which represents the total quantity of electricity 
in ampere-hours which has passed into the house. An 
instrument which will record automatically this quantity 
is called an ampere-hour meter. 

Again, let the vertical lines drawn in a similar diagram 
represent ih^ power in watts delivered at each hour to 
the house ; the area of the curve then delineated repre- 
sents the total electric energy in watt-hours which has 
passed into the house. Any instrument which will auto- 
matically record this energy is called a watt-hour meter. 

Instruments for the measurement of electric energy 
or quantity are generally called simply meters^ and they 
are classified into ampere-hour meters and watt-hour 
meters. A more detailed classification of all the different 
forms of meter already invented would be a rather diflfi- 
cult thing to make on a perfectly correct basis. An 
approximate classification of meters for the measurement 
of alternating currents may be made as follows : — 

1. Graphic recording ampere-hour meters. 

2. Graphic recording watt-hour meters. 

3. Continuously recording ampere-hour meters. 

4. Intermittent recording watt-hour meters. 

5. Continuously recording watt-hour meters. 

Of the first two classes the Holden ampere-hour and 
Mengarini watt-hour meter are good examples. In these 
instruments an arm carrying a pen is displaced over a 
paper-covered drum, which is revolved uniformly in 24 
hours by a clock. The motion by which the pen is dis- 
placed is regulated by a part of the instrument which is 
simply an ammeter or a wattmeter, and the displacement 
of the pen is proportional to the current or the power 
passing through this measuring part. When, therefore, 
the diagram is cut off and unrolled, we find on the paper 
a curve which represents, by its ordinates, either the 
power or the current at any instant ; and, if the whole 
area of the curve is integrated, then such area represents 
the whole energy or quantity which has passed through 
*^e meter in 24 hours. These instruments have the 
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advantage, therefore, that we practically record two 
quantities at once ; and they serve two purposes, of 
indicating the instantaneous current or power, and the 
total current quantity or energy, but they hav6 the dis- 
advantage that they are not self- integrating. 



Fig, III. — Shnllenberger Meier. 

Of the continuously recording ampere-hour meters 
there are two well-known types in use, respectively for 
recording alternating current quantity and continuous 
current quantity. These were invented by Shallenberger 
and Ferranti. Taking first the Shallenberger alternating 
ampere-hour meter, it is constructed as follows. 

It consists (see Fig. i u) of a small transformer, one 
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coil of which we may call the primary, and which is in 
series with the circuit in which the current to be measured 
is flowing. The core of this transformer is a little soft iron 
disc, which is capable of revolving on an axis. This axis 
is geared at the top with a counting mechanism which 
records the number of revolutions of the disc, and at the 
bottom there is a vane or fan of thin aluminium which 
serves to retard the rotation of the disc. 

The secondary circuit of this transformer (see 
Fij. 112) consists of a small coil of copper, which is 



closed upon itself, and which is placed with its axis 
inclined at 45° to the axis of the primary coil. When 
the primary current flows through the primary^ coil it 
does two things — it magnetises the core, and it induces 
a secondary current in the closed secondary circuit The 
phase of this secondary current is about 90° behind the 
phase of the primary current, and thus the magnetism 
of the iron core, which is in a direction at right angles 
to the plane of the primary coils, also lags in phase 
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behind the primary current by about 96°. The mag- 
netism of the core and the induced secondary current 
are, therefore, in step, and are in such directions that the 
axis of the disc is always being pulled round by the 
induced field of the secondary coil. If, then, there were 
no friction of any kind, the iron disc would be therefore 
continually accelerated in speed, but since the air op- 
poses a resistance which varies approximately as the 
square of the velocity, and since the mean driving force is 
proportional to the mean square of the current strength, 
it follows that the total number of revolutions which the 
disc makes in any given time is proportional to the total 
mean quantity or ampere-hours which have passed the 
primary circuit. The meters can therefore be calibrated 
by a constant in such a way that they read directly on 
counting dials ampere-hours, and if the pressure between 
the mains is kept constant, they may be graduated to 
read in Board of Trade units. 

These meters are very simple to construct and very 
fairly accurate in performance, and they have therefore 
come into extensive use. The velocity of the disc being 
at any time proportional to the mean current passing 
through the meter, we can, if the current is kept tolerably 
constant, employ the instrument as an ammeter. By 
moving the position of the secondary coil a little adjust- 
ment can be made in the meter for change of frequency, 
and the meter can be calibrated for the particular fre- 
quency for which it is intended to be used. 

The Ferranti continuous current ampere-hour meter 
consists of an electromagnet, the coil of which is of mild 
steel with a certain retentivity for magnetism. The 
core is worked at such a low flux density that the mag- 
netisation of the core is always neiarly proportional to 
the strength of the magnetising current. This electro- 
magnet has a disc-shaped cavity in the core (see Fig. 113) 
lined with an insulating material, and which is filled with 
mercury. The main current flows through the electro- 
magnet coils, and then entering the mercury at the 
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periphery of the disc -shaped cavity, which is not insu- 
lated, flows radially inwards in all directions to the centre 
of the mercury, whence it goes to the terminal of the 
meter. Under these conditions the mass of mercury is 
set in rotation, and its rotation is retarded by radial grooves 
which are formed on the sides of the chamber. The force 
driving the mercury is proportional to the square of the 



Fig. 113.— Ferranti Ampere-hour House Meter. 

strength of the current, and the force retarding the rota- 
tion of the mercury to the square of the speed. Hence 
it follows that the number of rotations in any given time 
is proportional to the total quantity of electricity which 
has passed. The rotation of the mercury is communicated 
to a counting mechanism by means of a little vane F 
immersed in it. The counting mechanism is so devised 
that the dials read electric enei^y in Board of Trade 
units on the assumption that the voltage of the circuit 
remmns constant The two meters last described, viz. the 
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Shallenberger meter for alternating current quantity, 
and the Ferranti mercury meter for continuous current 
quantity, are both only ampere-hour meters, and record 
the total quantity of electricity which has passed through 
them. If, however, that current is being supplied at a 
constant voltage, then the readings of the dials may be 
made to show the volt-ampere-hours or watt-hours which 
have passed into the circuits through the meter. Since 
1000 watt-hours are one Board of Trade unit, those 
meters are sometimes so arranged as to read on the 
dials directly Board of Trade units. They are not, how- 
ever, true watt-hour meters. 

Coming next to the continuously recording true 
watt-hour meters, we reach that class of meter which 
may be said to be the best adapted for general wants, 
and one of the most efficient of these continuously re- 
cording watt-hour meters is the one invented by Pro- 
fessor Elihu Thomson. The Thomson recording watt- 
meter (see Fig. 114) is a watt-meter in which one coil C, 
called a series coil, carries the current to be measured. 
These series coils really form the field magnet of a small 
electromotor. The armature A of this motor is one 
without any iron in it, having a small commutator and 
brushes of the usual kind, and this armature circuit, 
together with an external added resistance, constitutes 
the shunt circuit of the wattmeter. When the meter 
is attached to a circuit, the main current passes through 
the series coils, and the shunt coil being attached to the 
two mains of the circuit is traversed by a current pro- 
portional to the voltage of the circuit, and the armature 
then begins to revolve. The shaft which carries the arma- 
ture carries also a copper disc D, which is embraced 
by three horse-shoe magnets M. When the disc revolves, 
eddy currents are set up in the disc which retard its 
motion. The number of revolutionis of the disc in a 
given time is recorded by the counting mechanism P 
attached to the shaft Then since the force driving the 
armature round is at any instant proportional to the 
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power passing through the instrument, and since the 
retarding force is proportional to the velocity, it follows 
that the number of revolutions in a given time repre- 
sents the watt-hours that have passed through the meter. 
In order to overcome the constant friction of the train. 




^ 
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Fig, 114. — Thomson Recording Wattmeter. 



there is a compound winding on the field magnet, con- 
sisting of a few turns of the shunt coil which is arranged 
in such a direction that the driving force due to the 
fixed and movable shunt- winding, tends to overcome 
the permanent friction of the armature shaft By pro- 
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perly treating the permanent magnets, it is found that 
they retain a constant magnetism for long periods of 
time. The meter is so arranged that, when working on 
a 100 volt circuit, the shunt coil has a resistance of 
1000 ohms altogether, and takes, therefore, • i of an 
ampere. The loss in the meter, therefore, is only 10 
watts, which is the power taken up in driving the meter. 
By properly arranging the shunt coil, it is possible to 
make the constant of this meter perfectly constant for 
a very large range of its action, and one great advan- 
tage which this meter has is that it can be employed 
with both alternating and continuous currents. When 
properly adjusted, this watt-hour meter is capable of 
very great accuracy in the measurement of electric 
energy. 

The force driving round the armature of the motor 
is proportional to the product of the strengths of ty/o 
currents, one of which is the current going into the 
circuit which is being measured, and the other of which 
is proportional to the terminal voltage of the circuit 
being metered. Hence, the mean, driving force is pro- 
portional to the mean product of these two quantities, 
the current and the terminal voltage. Hence it is pro- 
portional to the mean power in watts given to the 
circuit 

The instrument, therefore, measures the energy in 
watt-hours, which have passed through it quite indepen- 
dently of the frequency, or whether the current is alter- 
nating or continuous. 

We may ask ourselves at this stage what ought to 
be the characteristics and requirements in a good com- 
mercial meter for the measurement of electric energy 
supply to houses, for lighting and other purposes. Most 
persons without experience would probably say that 
the first requirement in a meter is accuracy ; but as a 
practical matter, accuracy is not of so much importance 
as that the meter should have a uniform percentage 
error. A type of meter which is capable of measuring, 
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under some conditions, to • I per cent, of accuracy, and 
at other times is liable to make errors of 1 50 per cent, in 
actual practice, is not nearly so useful as a meter which 
will not read closer than i per cent, and yet which, in 
actual practice, never proves to go more than 3 per cent, 
wrong. 

The next condition which a meter must comply with 
is that of the consumption of small power. Since the 
meter is connected to the circuit continually, if it 
absorbs power, the total energy dissipated by it may 
amount to a serious item. We have pointed out, in 
speaking of voltmeters, that a continuous power absorp- 
tion, say of 20 watts, during the whole year, amounts 
to a yearly consumption of 160 units of electric energy, 
and that, therefore, small power consumption is certainly 
an important item in appraising a meter. . 

The third great requisite is, that the meter ought 
not to require elaborate care and delicacy in fixing, and 
that it ought to be hardy enough to endure carriage. 
House meters have to be fixed in places which are some- 
times subject to vibration and dampness, &c., and a 
meter for house purposes ought, therefore, to be hardy 
enough to stand these conditions. 

The fourth condition is, that the meter must be so 
constructed in principle as not to be capable of being 
easily tampered with, or its indications made to vary, 
even when enclosed in a lock-up case. 

To the above requirements ought, of course, to be 
added the broad and general conditions of simplicity 
of structure and cheapness in price, as far as consistent 
with good workmanship. 

Space will not permit of further reference to the 
exceedingly numerous forms of electric house meters. 
For additional information on them, as well as for gi 
fuller discussion of electric measuring instruments gene- 
rally, special treatises ipws); bp gonsulteji. 
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CHAPTER X. 

THE GENERATION OF ELECTRIC CURRENTS. 

§ I. Electric Current Energy. — We have already 
pointed out that when an electric current is created by 
the application of an electromotive force in a circuit, 
energy has to be expended in the first place to bring 
the current into existence, and energy has also to be 
expended to maintain this current at a constant value, 
even if the electromotive force remains unchanged. 

The initial stage involves work done against the 
inductance of the circuit, and it can be shown that the 
amount of work so spent in creating a current is mea- 
sured in joules by the product of the coefficient of self- 
indtictiony or the inductance of the circuit reckoned in 
henrys, and half the square of the current strength in 
amperes. When the current is then created, work has 
to be spent to maintain it against the resistance of the 
circuit, and the amount so spent per second is measured 
by the product of the resistance of the circuit, reckoned 
in ohms, and the square of the current strength in 
amperes. There is a close analogy between these energy 
expenditures, and that involved in setting in motion a 
heavy body immersed in a fluid. To set and keep such 
a body in motion with a constant velocity involves the 
expenditure of energy, in the first place, to get the body 
up to the required speed, and this energy is measured 
by the products of the mass of the body, and half the 
square of its final steady velocity. When once this 
speed is attained, energy has still further to be ex- 
pended to keep it in motion against the resistance of 
the fluid, and the energy so spent per second is nearly 

Z 2 
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measured by the product of a certain constant (depend- 
ing on the nature of the body and of the fluid), and 
the square of the velocity. A current in a conductor, 
therefore, always represents an expenditure of energy 
in some form involved in its manufacture, and if it is 
a constantly maintained current, even though cyclic or 
periodic in value, it represents a continual expenditure 
of energy to keep it going. To produce and maintain 
a current, some other form of energy must, therefore, 
be continually transformed, and this may be done by 
the transformation of many forms of energy, but chiefly 
by the expenditure of mechanical energy, chemical 
energy or thermal energy. 

It is only, however, under certain conditions that 
this transformation can take place. The condition for 
transforming mechanical energy or energy of motion 
into electric current energy is that the energy must be 
spent in making a conductor forming a closed circuit, 
move in a magnetic field in a particular way. In the 
same manner, the conversion of heat energy into electric 
current energy can only take place at a junction of two 
dissimilar bodies, called a thermo-electric junction, or 
in an unequally heated conductor. The making of an 
electric current involves, therefore, the possession of a 
certain apparatus or instrument which may be called 
the instrument of transformation^ and if energy in one 
form is continually supplied to this machine, a part, at 
least, of that supplied energy is converted into its equi- 
valent in electric current energy. The remaining portion 
of the supplied energy is always frittered away into 
useless heat, which gets radiated and lost as available 
energy. This dissipated energy is, at it were, the price 
we pay for the convenience of the remaining transform- 
ation. It is like a money-changer's commission charged 
for changing a draft or cheque, or foreign money to 
English. 

The progress of electrical invention has, therefore, 
consisted in the discovery of the way to make these 
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instruments of transformation. The most remarkable 
and useful steps of which have been the invention of 
the dynamo and voltaic battery^ and of lesser importance 
the thermopile and electrical machine. 

The reverse transformation is also important, and 
transforming devices have been evolved for executing 
the reversal of the process and transforming back part, 
at least, of the energy of an electric current into light 
by means of electric lamps, into chemical potential 
energy by means of the electrolytic cell, into lieat by 
means of the electric furnace, and into kinetic energy by 
means of the electric motor. 

We shall limit our attention in this chapter to a 
consideration of some points in connection with the 
structure of the dynamo-electric machine, and primary 
and secondary batteries, as instruments of transformation. 

§ 2. The Dynamo. — Referring the student to special 
treatises for the history of the development of the dy- 
namo machine from the fundamental discoveries of 
Faraday, we shall consider here merely the essential 
mode of operation of some of the more modern machines. 

We have already explained the chief facts concerning 
the production of a current in a circuit, by the insertion 
into or withdrawal from it of a stream of magnetic flux. 

Consider the arrangement shown in Fig. 115. Let 
F be a fixed semi-rectangular bar of iron wound over 
with insulated wire so as to form an electromagnet, and 
let it be excited by a current of electricity through its 
coils. Let A be another similar semi-rectangular bar 
also wound over with insulated wire to form another 
electromagnet. Let A be capable of being set in revo- 
lution round an axis ^ ^ so that its poles n and s are 
alternately presented to the poles N and S of the fixed 
electromagnet. Suppose the two electromagnets are in 
the position shown in the figure, and let the circuit of 
F be traversed by a separately generated exciting cur- 
rent, and let the circuit of A be closed on itself. Then, 
if A is set in revolution, the stream of magnetic flux 
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from F will be directed through the iron core of the 
magnet A, first in one direction and then in the other. 
This reversal of the direction of the flux creates an 
electromotive force in the coil of the magnet A. This 
electromotive force is a periodic and alternating electro- 
motive force, because its value depends upon the rate at 
which the flux is being changed through the coil of the 
A magnet. If we follow in imagination the magnet A 
through one complete revolution, we shall see that the 
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Fig. 115. — Principle of the separately excited Dynamo, 

electromotive force in the A coil has a zero value when 
the poles n s of A are just opposite the poles N S of F, 
and has a maximum value when the position of the 
magnet A is at right angles to that of F. The instan- 
taneous values of the electromotive force induced in the 
coil of the A magnet may be roughly represented as 
regards direction and magnitude by the ordinates of 
the curve shown in Fig. 116, where the round circles re- 
present the end-on view of the poles of the magnet F, 
and the figures on the base line the angular displace- 
ment of the electromagnet A from the plane of the elec- 
tromagnet F. The current, therefore, in the closed 
circuit of the A magnet is an alternating currenty and 
reverses its direction twice in every complete revolution 
of the electromagnet A. 
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It is possible to add to the axis of revolution of the 
A magnet a device called a Commutator for obtaining 
from this internal alternating induced electromotive 



Fig. 116. 

force a continuous current in an external circuit attached 
to the coil of the A magnet. The original simple ar- 
rangement for effecting this change is called a Split' 
tube Commutator. Let a wood or insulating drum be 
fixed on the shaft a b, 

carrying on its surface two * 

semi-cylindrical plates x 
and^y, nearly touching, and 
let one end of the coil of 
the armature A be at- 
tached to the plate x and 
the other end to the other 
plate y. Then let two 
light springs X and Y be 
iixed so as to touch these 
commutator plates, and 
let the external circuit E 
be terminated at X and Y 
(see Fig. 1 17). The drum 

must be so attached to the rig. 117.— SpUl-tubeCommnlalor. 
shaft a ^ as to revolve with 

it, and so that the spring X passes from contact with 
the plate x to contact with the plate j, just at the in- 
stant when the electromotive force generated in the cir- 
cuit of A changes its direction. 
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The line joining the contact-points of the spriigs 
X and Y is called the axis of commutation, and this 
axis of commutation must be at right angles to the line 
joining the poles N and S of the magnet F. 

It will then be found that on rotating the armature 
A, a fluctuating, but not alternating, current will be pro- 
duced in the external circuit E connecting the springs 
X and Y. 

The student or teacher accustomed to the use of tools will 
have no difficulty in making a working model of the apparatus 
just described. The electromagnets can be made of bars of 
soft iron about i inch wide, ^ inch thick, and i8 inches long. 
Any blacksmith will bend these bars up into a semi-rectangular 
shape. One of them can be mounted on a board and wound 
over with insulated wire, say with six layers of No. i8 wire on 
each leg. The other must be supported on a steel shaft, and 
have a simple split-tube commutator attached to it. The wind- 
ings on both magnets may be of the same sized wire. If a gal- 
vanometer is then attached to the spring contact slips, it will 
then be possible to show the cyclic variation of electromotive 
force in the A magnet circuit, as it is turned round over the 
poles of the F magnet, which last must be separately excited by 
a current from a battery. The split-tube commutator is made 
by forcing a short brass tube on to a cylinder of wood fixed on 
the shaft. This tube is secured by brass pins, and then slit 
lengthways into two half cylinders. 

In the simple arrangement described above we have 
all the essential organs present in the modern dynamo- 
electric machine. The magnet F is called the Field 
Magnet^ and the function of this is to create the mag- 
netic flux, the variation of which causes the induced 
electromotive force. The electromagnet A, in the coils 
of which the electromotive force is induced is called the 
Armature of the machine. The device (if present) for 
rectifying or making continuous the current in the ex- 
ternal circuit is called the Commutator, The jprings X 
and Y are called the Brushes, 

The essential principle of action of the machine is 
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that the magnetic flux due to the field magnet is caused 
to change its direction through the circuit of the arma- 
ture. This may be done by causing the armature to 
revolve whilst the field magnet is stationary, or the 
armature may be stationary and the field magnet may 
revolve. In some cases both field magnets and armature 
may revolve. In some cases both field magnets and 
armature are stationary. In order, then, to create the 
change of flux through the armature, an intermediate 
piece of iron has to revolve which directs the flux one 
way or the other through the armature core. Machines 
of this class are called Inductor Machines. A compre- 
hension of their mode of working may be obtained from 



Fig. itS. — Frindpleof the Inductor Dfoaino. 

a consideration of the simple model shown in Fig. 118. 
In this case two semicircular electromagnets are fixed 
with the line joining their poles at right angles to each 
other. One of these is the fixed field magnet F, and is 
excited by a current. The other of these is the fixed 
armature A. To a revolving shaft a b are fixed two 
qu ad ran tal -shaped segments of iron I, I, which revolve 
in between the poles of the two magnets, as close as 
possible but just not touching the poles. When these 
pieces of iron are in the position shown in the figure they 
conduct the magnetic flux of the field magnet through 
the armature in the direction as represented by the 
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dotted line, but when they have moved round through a 
quarter of a turn they conduct the flux round through 
the armature in the opposite direction. Thus the neces- 
sary reversal of flux is made through the coils of the 
armature without any movement of the iron core of the 
armature itself. 

It will then be observed that we may classify dynamo- 
electric machines as follows — 

(i) Continuous current machines ; 

(ii) Alternating current machines, or alternators ; 
according to whether they furnish in the external circuit 
a continuous or an alternating current. 

Both classes may be either — 

(a) Fixed field and revolving armature machines, 

(6) Revolving field and fixed armature machines, 

(c) Fixed field and armature, or inductor machines. 

Alternators may be — 

(i) Single-phase alternators, giving one single alter- 
nating current. 

(2) Two-phase alternators, giving two alternating 
currents with a fixed difference of phase between them. 

(3) Polyphase alternators, giving several alternating 
currents having different phases. 

The output of a machine is always reckoned in kilo- 
watts. Hence a 30-kilowatt (K.W.) machine is one 
which can produce an electrical power in the external 
circuit of 30,000 watts. 

The efficiency of a dynamo is the ratio, expressed as 
a percentage, between the power given out by it in the 
external circuit and the power required to drive it round, 
both powers being measured in the same units. In 
the case of continuous current machines, or of single 
phase alternators working on a non-inductive current, 
the output of the machine in watts can be obtained by 
measuring the potential difference of the brushes in volts, 
and the outgoing current in amperes, and then multi- 
plying these two values together. 

§ 3. Excitation. — In the model machine described 
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in the last section, we considered that the magnetic flux 
was created by an electromagnet energised by a separate 
electric current. There are, however, three ways in which 
this field flux can be created In the first place, the 
field magnet may be a permanent steel magnet once 
for all magnetised. Next, the field magnet may be an 
electromagnet, and the current required to create it may 
be obtained from a separate or external source of current, 
such as a battery. Thirdly, the principle of self-exci- 
tation may be employed. In this latter case either a 
part or the whole of the current produced in the arma- 
ture may be led through the circuit of the field magnets. 
If the field magnets are slightly magnetised initially 
in the right direction, then beyond a certain speed of 
revolution, the electromotive force set up in the armature 
will be sufficient to generate, and increase up to a limit, 
all exciting current which, when led through the coils of 
the field magnet, will fully magnetise the field magnet 
cores. This is called self-excitation. The self-exciting 
machine is the one to which the name of dynamo was 
originally given. Permanent field magnets and sepa- 
rately excited field magnet machines were previously 
called magneto- electric machines.* Hence we have the 
following classification of machines depending on the 
method of the .production of the field flux — 

(i) Magneto-machines. Permanent magnet fields. 

(2) Separately excited machines. Electromagnet 
fields. 

(3) Self-excited machines, 

{c^ Series wound fields. 
IV) Shunt wound fields. 
{c) Compound wound fields. 

The last class (3) can obviously only be continuous 
current machines. 

The sub-classification of self-excited machines de- 

* The method of self-excitation was devised by S. A. Varley in 1866 
and soon after independently by Siemens and Wheatstone. 
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pends upon the mode of winding of the field magnets 
If the whole current from the armature goes through 
the field magnet coils, the machine is called a Series 
machine. 

If the ends of the field magnet circuit, and also the 
ends of the external circuit, are both joined to the brushes 
of the machine, that is, to the terminals of the armature 
circuit, the machine is called a Shunt machine. 

If a shunt machine has in addition field magnet coils 
which carry the whole external current, it is called a 
Compound wound mdich\nt, (See Fig. 119.) 






Shunt wouiuL Series wound GmtpcuncL wvani 

Fig. iiQ.^Types of Field Magnet Winding. 



The power reckoned in watts taken up in the ex- 
citing coils of the field magnets is called the exciting 
power of the machine. 

§ 4. General Design of Continuous Current 
Dynamos. — From the remarks in the previous section 
it will have been made clear to the student that a con- 
tinuous current dynamo essentially consists of two elec- 
tromagnets, one of which carries a commutator, and 
revolves in front of, or between, the poles of the other. 
Experience has shown that these electromagnets should 
have very different forms, and with some slight modifi- 
cations most continuous current machines now in use 
consist of a field magnet having massive round iron or 
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mild steel legs united by a yoke, and furnished at the 
opposite ends with curved pole pieces nearly embracing 
the armature. (See Fig. 120.) 

The other electromagnet or armature takes the form 
of a drum, or ring, or cylinder of iron, wound in a parti- 
cular way with coils of insulated wire. 



Fig. 120. — Modem Two-pole Dynamo. 

The field magnet cores are constructed of cast steel 
of the highest permeability, or else of wrought iron, 
and the wire windings on them consist of double cotton- 
covered copper wire, insulated with paper and shellac 
varnish. The core of the armature is always built up of 
stampings of thin sheet iron or sheet steel. The proper 
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shaped circular discs or rings are stamped out of sheet 
iron, and piled one on the other with thin paper be- 
tween them. They are then held in some suitable 
manner on the shaft. The reason for thus making the 
armature laminated is, that if it were not so constructed 
the revolution of a mass of solid iron in between the 
poles of the field magnet would create in it eddy electric 
currents, which would heat it and cause a waste of energy. 
The armature core is fixed to the shaft by gun-metal 
carriers, which communicate to the iron core the driving 
power of the shaft. The laminated iron core is then 
wound over with the armature coils, and this winding 
takes a different form according as the iron core is a 
drum or a cylinder. To the driving shaft is also affixed 
the Commutator, This consists of a number of copper 
segments insulated with mica between and beneath them, 
and which fit together like the stones of an arch. The 
commutator segments are drawn or cast with a section 
like the stones of an arch, so that when fitted together 
they form a smooth cylindrical surface composed of 
separate insulated bars of copper. To each copper seg- 
ment is affixed a radial rod, by means of which the con- 
nection is made to the coils of the armature. The 
armature winding for a ring armature is then effected in 
the following manner. 

• Starting from one commutator segment an insulated 
wire is taken several times round the iron core and back 
to the next commutator segment. Starting again from 
the same segment a second wire is taken the same 
number of times round the core, and back to the third 
commutator segment. This process is followed until the 
last end of the last wire is brought back to be joined to 
the first commutator segment. The windings on the 
ring or cylinder thus form an endless spiral, and have 
the arrangement shown in Fig. I2i. 

The armature when wound presents on the outside a 
smooth cylindrical surface of cotton-covered wires, all 
placed parallel to the shaft. To keep them in their 
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places they are bound round with cross windings of steel 
wire, kept from touching the armature wires by mica. 
The whole armature is then well varnished and baked. 
The armature is next placed in its position between the 
poles of -the field magnets, and in a well constructed 
machine there is just clearance enough to allow the 
bobbin to rotate without any risk of the armature winding 
touching the pole pieces. 

If the armature core is a drum core, and not a 
cylinder or ring core, the winding is conducted on similar 
lines. It will, however, in this case, be clear on consider- 
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Fig. 121. — Diagram of Gramme Ring Armature Winding, 

ation, that after half the armature winding has been put 
on, and half the commutator segments attached to coil 
ends, the drum is then uniformly covered with longitu- 
dinal layers of wire. The second half of the winding 
has therefore to be laid over the first layer, or else the 
coils have to be sandwiched in between those of the first 
half of the winding in order to complete the winding of 
the armature. 

It will be best at this stage to endeavour to make 
clear to the reader, by the help of some diagrams, the 
manner in which the currents are generated in the arma- 
ture coils in each of these two kinds of armature, when 
it is rotated in the field of the field magnet. Consider, 
in the first place, the cylinder or ring armature, usually 
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called after its inventor a Gramme ring. Let the cir- 
cular ring I, in Fig. I22, stand for the armature core, and 
let it be wound over in the manner described with single 
loops of wire, the ends of which are brought out to the 
segments of an external commutator, the segments of 
which are represented by the black curved lines. Let 
brushes touch this commutator along an axis of commu- 
tation at right angles to the line Joining the poles of the 
fixed field magnets, N and S. Then suppose the ring 
to revolve in clock-wise direction. The magnetic flux 
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from the pole N passes across the air gap, and separates 
into two streams of flux round the opposite sides of the 
ring, and enters again at pole S. This flux threads 
through, or is linked with, the coils wound on the ring. 
A little reflection will make it clear that as the ring re- 
volves, the flux keeps its place, but each armature coii 
as it passes the line joining the poles will experience 
a change in the direction of the flux passing through it 
Hence it has created in it an induced electromotive force. 
The coils which are at any moment situated along the axis 
of commutation, will have no change of flux produced 
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through them by a small movement at that place, and 
hence no electromotive force is generated in them. The 
coils in the quadrantal or intermediate positions will 
have small electromotive forces created in them. 

The relative magnitude of these electromotive forces 
is in some sense indicated by the size of the letter E 
attached to each coil. If the student will then suppose 
the ring in Fig. 122 to make a small portion of a revolu- 
tion in a clock-wise direction, and consider how the flux 
changes through each of the eight coils, and the direction 
of the induced electromotive force in each coil, he will 
see that this last is represented as to direction by the 
arrows marked on each of the coils respectively. It 
must be remembered that when the flux coming out 
from a North pole is inserted into ?i conducting loop, it 
generates a counter clock-wise electromotive force in the 
loop, as seen from that side at which the flux is put in. 
If we consider the four coils on the half of the ring 
Y N X, we see that the electromotive forces in them all 
conspire to force a current out at the brush X. Also the 
electromotive forces in the four coils in the half of the 
ring Y S X, all conspire to do the same thing. If the 
brush X is not externally connected with the brush Y, 
these equal resultant electromotive forces round the two 
halves of the ring-winding simply oppose each other, and 
no current results. If, however, the brush X is connected 
with the brush Y by an external circuit, then these two 
resultant electromotive forces conspire to generate a 
current in the direction X R Y, through the external 
circuit R. If the armature winding were straightened out 
it would be found (see Fig. 123) to consist of a pair of 
wires which are joined in parallel between the two points 
of contact of the brushes. In each of these branches 
there is a series of unequal electromotive forces, all 
helping one another. The sum of these graded electro- 
motive forces in each side of the armature is, however, 
the same. When the brushes are connected by an 
external circuit, these two series of electromotive* forces 

2 A 
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both act together in parallel to urge a current through 
the external circuit R. The resistance of the armature 
as a whole, from brush to brush, is exactly half that of 
the whole resistance of one half of the armature, or a 
quarter of the total all-round resistance of the armature. 
It will be seen that as each pair of commutator bars or 
sections passes under a brush, the coil connected to these 
segments is short-circuited for an instant. As soon as 
this pair of segments passes away from under the brush, 
the corresponding armature coil is opened again. As 
these coils possess very considerable inductances, it is 
necessary that this opening of the short-circuit should 




Fig. 123. — Gramme Ring Winding unwound. 

take place when there is no electromotive force in that 
coil, or else there will be a spark under the brush. This 
sparking at the commutator is injurious to it, and must 
be avoided by giving the brushes a proper position. 

The action of the drum winding is a little more 
difficult to understand. It can however best be made 
plain by considering the drum as extended into a strip 
by a sort of projection. In Fig. 124 the long rectangle 
abed represents the drum armature core thus extended. 
The rectangles represent the coils wound upon it. Let 
the magnet pole N be supposed to move sideways down 
the row of coils. The stream of flux from the pole will 
pass as shown in the dotted lines, and it is easy to see 
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that as the magnet passes over each coil, the direction of 
flux through it will be reversed, and this will create in it 
an electromotive force. Also, it will create lesser elec- 
tromotive forces in the neighbouring coils. Hence, on 
tracing out the connections and the direction of the elec- 
tromotive force in each loop it will be found that all the 
loops connected to one side of the commutator have a 
series of electromotive forces in them, acting in them, say 



from Y to X, and all the other set of loops have likewise 
an equal total electromotive force in their circuit, acting 
from Y to X. Hence if X and Y are joined by an external 
circuit, a current will be ui^ed through it from , X to Y. 
The reader will notice that in both cases, viz. in the drum, 
and in the cylinder or ring winding, certain coils are active 
at each instant, and have generated in them the maximum 
electromotive force, and certain coils are idle, and have 
no electromotive force in them, and others are in interme- 
2 A 2 
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diate states. The effective or resultant electromotive force 
of the machine is the sum of all the individual elec- 
tromotive forces in the several coils on one half of the 
armature, or attached to one half of the commutator. 
Supposing all the wire taken off the drum and laid open, 
it will, as above stated, be found to form an endless wire. 
The points of contact of the brushes are at the ends of 
a diameter of this loop. If we imagine the armature 
wire marked off into the portions which form each loop 
when it is wound on the ring or drum armature, and an 
arrow drawn on each, representing by its size and direc- 
tion the electromotive force in those loops at any instant 
when the armature is turning in the field, and if we 
imagine this wire taken off the core and opened out, we 
should have an endless loop, as shown in Fig. 123, 
which shows the series of electromotive forces in each 
loop of the wire on each side of the armature for the 
Gramme ring winding delineated in Fig. 122. Even al- 
though a coil may be inactive as regards the production 
of electromotive force in it, it is traversed by a current, and 
hence if we consider a drum armature in section and as 
seen when looked at end-on^ in one half of the conductors 
on the armature the current would appear to be moving 
towards the observer, and in the other half current to be 
moving away from the observer. For some purposes it 
is very convenient thus to represent the armature in 
section. In order to show in which direction the current 
is moving in a wire when seen end-on, we represent that 
wire by a black dot or circle if the current is moving 
in it away from the eye, and by a white circle if the 
current in it is moving towards the observer. 

§ 5. Armature Reaction. — Up to the present mo- 
ment we have said nothing about the reaction which the 
armature exerts upon the field magnets. The flux from 
the field magnets passing through the moving armature 
coils in their varying positions generates in them electric 
currents. These electric currents magnetise the armature 
core, and thus create an opposed magnetomotive force 
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which reacts upon the field magnets and changes the 
disposition and strength of its magnetic flux. 

In order to see what happens, let us examine the 
effect of the armature current in the case of a two-pole 
dynamo with drum winding. Let the cores and circuits 
be represented in section as shown in Fig. 125. The 
windings on the armature may be divided into two 
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groups, viz. one which is contained between the two verti- 
cal dotted lines which just touch the curved horns of the 
pole-pieces, and which are called the liack iurtis on the 
armature ; and secondly, the remaining portion of the 
winding which lies under the curved horns right and left. 
This last part is called the cross turns on the armature. 
The direction of the magnetic flux due to the field-magnet 
windings is as shown by the dotted line drawn round 
inside them. 
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Regarding now the armature core and field core as 
forming one magnetic circuit with two air-gaps in it, 
consider the magnetic effect of the back turns on the 
armature on the magnetisation of this circuit. It is 
clear that they oppose the field-magnet turns in their 
magnetising effect. Consider, in the next place, the 
magnetising effect of the cross turns on the armature. 
It is evident that they create a magnetic flux in the 
armature-core and pole-pieces, the direction of which is 
as shown by the looped dotted lines. If the direction of 
this flux is traced out, it will be seen that the flux in the 
pole-pieces due to the cross turns tends to help the flux 
due to the field magnet at two horns or corners tt oi the 
pole-pieces, and to weaken it at two other horns It, 
These horns are called respectively the trailing horns 
and the leading horns. Hence the joint effect is to dis- 
place the interpolar magnetic field and twist it round, 
so that the lines of the flux from pole to pole are no 
longer straight across, but obliquely directed, as shown 
in Fig. 126. The effect, therefore, of the cross turns is to 
displace the interpolar field, and the effect of the back 
turns is to partly counteract the magnetic effect of the 
field coils. The back turns have the effect of driving 
out of the armature core some of the flux that would 
otherwise traverse it. 

There is another important practical point which 
must be considered, and that is the magnetic leakage. 
The whole of the flux created by the magnetising effect 
of the field-magnet turns or windings does not pass 
through the armature core. A good deal of it leaks 
across from leg to leg and pole-piece to pole-piece with- 
out traversing the core. This waste field is called the 
leakage field, and in even well-designed dynamos as 
much as 30 to 35 per cent, of the total flux traversing 
the median section of the field magnets never gets 
through the armature core at all. As our object is to 
magnetise the armature, and not merely to magnetise 
the field, all this leakage means so much increased cost 
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in exciting power. The leakage coefficient varies some- 
what in dynamos of different types, but is approximately 
represented by the above figures. The student will see 
therefore that a number of ampere-turns have to be 
put upon the field magnets over and above those 
necessary merely to magnetise the iron, to do the fol- 
lowing things : — 

In the first place, the magnetic flux has to be forced 
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Fig. 126. — Magnetic Flux Lines through the Core of a Gramme 
Armature when generating a current. 

across the air gap. As a very high flux density is 
necessary in the gap, this involves a considerable ad- 
ditional expenditure of magnetomotive force. In the 
next place, the reverse magnetising effect of the back 
turns on the armature has to be overcome or neutralised ; 
and in the third place we have to provide for the leakage 
of flux. 

The student must be referred to more advanced 
treatises for inforniation as to the mode in which the 



360 MAGNETS AND ELECTRIC CURRENTS. 

necessary total exciting power in ampere-turns on the 
field magnets is calculated in any given case. Our object 
here is more to indicate general principles than enter 
into details. 

With regard to the distortion of the field produced 
by the cross-turns on the armature, one result of it is to 
shift the axis of commutation (or line joining the point 
of contact) of the brushes round through an angle called 
the angle of lead^ in the direction of the rotation of the 
armature. If there were no armature reaction at all, 
the proper position of the brushes for sparkless collec- 
tion of current would be on a line perpendicular to the 
line joining the centres of the pole-pieces. We have 
already explained that the proper position of the brushes 
to prevent sparking on the commutator is such a posi- 
tion that the ends of any armature loop pass under a 
brush at the instant when there is no electromotive force 
in that loop. If the direction of the field is displaced or 
twisted forward, then it follows that the position of the 
brushes at the non-sparking point will be also twisted 
forward, or have a lead^ as it is called, beyond the line 
at right angles to the polar line. The proper position 
for the brushes is generally found to be just under the 
leading horn of the pole-piece, the brushes being shifted 
forward from the median line in the direction of rota- 
tion. Since the distortion of the interpolar field depends 
upon the magnitude of the current going out of the ar- 
mature, it follows that the non-sparking point shifts with 
the load. The greater the load on the dynamo, the 
further round must the brushes be set. The invention 
of methods for preventing sparking at the brushes and 
avoiding the necessity of shifting the position of the 
brushes with every change of load has considerably 
occupied the attention of dynamo builders. The student 
must be referred to larger treatises for information as to 
the special remedies suggested by Edison, Sayers, Mor- 
dey and others. Meanwhile, it is sufficient to state that 
one remedy (although a costly one) is to make the field 
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magnet so strong that the cross magnetising turns of the 
armature have not a great effect upon it. With a suffi- 
ciently strong field magnet, the effect of changes in the 
load is less marked as regards sparking at the brushes 
than with a weak field. The matter is one largely of 
first cost ; and dynamos may be designed without regard 
to cost, so that they do not spark at all under changes 
of load. The brushes for collection are always held on 
a rocking arm, and can be shifted round so as to touch 
the commutator at the non-sparking points. Brushes are 
now most usually made of copper gauze folded up into a 
rectangular shape. They should never press so hard on 
the commutator as to score or mark it. The commu- 
tator must be kept smooth and true, and the brushes 
slightly shifted laterally from time to time to avoid 
always working in one place. 

§ 6. Alternators. — Alternating current dynamos are 
designed to give an alternating current, and have there- 
fore no commutator. Hence they are simpler in design 
than continuous current machines. The field magnets 
must be excited by a continuous current from some 
external source, and this is now generally done by means 
of a small continuous current machine fixed to the shaft 
of the alternator. The field magnets of an alternator 
may take many different forms. In the alternators of 
Siemens, Kapp and Ferranti the magnets consist of a 
pair of iron rings or frames, from which project iron teeth 
or poles, on which last are placed magnetising coils. 
The rings or backs are carried on a bedplate, so that the 
poles project inwards. In the Mordey alternator the 
field magnet consists of a stout shaft wound with a 
magnetising coil, and on this shaft are carried curved 
shield-shaped iron discs, to which are fixed pole-pieces 
projecting inwards. 

In other cases the field magnets consist of an iron 
ring, which carries radial teeth of iron projecting inwards, 
on which are placed magnetising coils. The Westinghouse 
and Thomson alternators are of this form. 
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The armature may be wound on an iron core, in 
which case it is called an iron-cored armature. Armatures 
of this kind are found in the Siemens, Kapp,Westinghouse, 
Thomson and Ganz alternator. The armature may, on 
the other hand, consist simply of coils of copper wire or 
band with no iron in it, in which case it is called a coreless 
armature. Of this type are the armatures in the Ferranti 
and Mordey alternators. A convenient method of dia- 
grammatically representing the relation of the armature 
windings to the field poles is to suppose the field ring or 
rings cut open and laid out straight, and then to represent 
the movement of the armature as a procession of coils 



Poles below. 




Poles above. 
Fig. 127.— Diagram illustrating an Alternator Construction. 

passing between or beneath these teeth. We can thus, 
as in the diagram in Fig. 127, represent the construction 
of a Ferranti or Siemens alternator. 

In Fig. 127 the armature coils I, 2, 3, 4 are supposed 
to be moving from left to right between field poles aa\ 
bb\ &c. It will be seen that as coil i passes from 
between ad to between b V the flux through it is reversed, 
and hence an electromotive force is generated in it. The 
ends of the armature circuit are brought to the collector 
ring.s, against which press collecting brushes, and as the 
coils move through a space equal to the distance between 
the magnet poles the electromotive force in them changes 
its direction, and thus creates an alternating current. 
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Alternators at the present time are generally con- 
structed to give an alternating current having a frequency 
of 50 v/> to I SO cP, most usually 50 cp on the Continent of 
Europe, 100 lO in England, and 130 cP in the United 
States. If the machine is intended to produce a two- 
phase current, then there are two independent sets of 
armature windings, which are so arranged that the 
electromotive force due to one lags 90° behind that due 
to the other. An alternator which produces an electro- 
motive force (R.M.S. value) of 250 volts and upwards is 
called a high tension alternator. One which produces 
an electromotive force of less than 250 volts or so is 
called a low tension alternator. If an alternator is sup- 
plying current to a non-inductive circuit, such as a load 
of incandescent lamps, the current coming out of the 
machine is in step with the electromotive force, and 
under those conditions if we multiply together the 
R.M.S. value of the current as read on an alternating 
current ammeter and the R.M.S. value of the terminal 
voltage as read on a voltmeter, we obtain the output of 
the machine in watts. 

This, however, is not the case when the alternator is 
working on an inductive circuit, such as a bank of trans- 
formers lightly loaded. In this last case there is a con- 
siderable difference of phase between the current and 
the electromotive force. The output can then only be 
measured by a properly arranged wattnfieter. 

When alternators are set to work to send electric 
currents through conductors between which there is 
electrical capacity, many remarkable effects are produced, 
which are due to the change in the armature reaction 
which then takes place. For information on these mat- 
ters, however, and other details of alternator working, 
the. student must consult special text-books. 

§ 7. E£Sciency and Efficiency Measurement. — If 
we consider some particular form of dynamo, say a 
shunt-wound continuous current machine, when in action 
we may note the following distribution of energy losses.,. 
In the first place power is applied to the shaft of t' 
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dynamo to turn it round. Part of this power is wasted 
ivi friction at the bearings of the machine. A second 
portion of the power is v/asted in the eddy electric currents 
set up in the core of the armature, and in the hysteresis 
loss in reversing the magnetic flux in the core at every 
revolution. A third part is wasted in heating the mag- 
netising coils of the field magnet and in heating the coils 
of the armature. Some portion is wasted in continually 
reversing in direction the currents in the armature core 
and in sparking (if any) at the brushes. In an alternator 
some not inconsiderable portion of power is spent in 
churning up the air round the armature. Finally, a 
portion of the power supplied is converted into electric 
power which appears in the external circuit This last 
portion is the only one really useful. The efficiency of 
the machine is the ratio, expressed as a percentage, 
between the power which is taken out electrically and the 
power put into the machine mechanically. In very good 
modern continuous current dynamos this efficiency may 
reach 94 per cent. ; most commonly about 90 per cent 
when the machine is at full load. As the load is decreased 
the efficiency falls off considerably. 

An accurate and simple mode of testing a continuous 
current dynamo for efficiency is that due to Dr. Hop- 
kinson. It is based on the fact that a dynamo is a 
reversible enginey that is to say, it can not only be used to 
convert mechanical power to electrical power, but can 
also be used as a motor to convert electrical power put 
into it in the form of a current back into mechanical 
power. In other words, if a current is put into a dynamo 
from some external source the dynamo begins to revolve, 
and is then said to act as a motor. 

If a pair of identical dynamo machines have their 
shafts coupled together in one line (see Fig. 128) and 
their brushes joined together so that their armature cir- 
cuits are connected, we may so arrange the connections 
that when the coupled machines turn round together, one 
machine, which we will call the dynamo D, sends out an 
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electric current passing into the armature of the other 
machine which we will call the motor M, in the right 



^^sea 




direction to preserve the requisite rotation of the shaft. 
Since, however, the powergiven out by the motor is not 
sufficient to create through the dynamo all the power 
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required to revolve the motor, we have to supply an 
additional amount of power from outside sufficient to 
make up all the energy losses in the two machines. 
This is done by inserting a secondary battery or third 
dynamo in the circuit of the armature to supply the 
necessary power. The combination of the two dynamos 
will then start revolving, and can be kept at the stan- 
dard speed. The motor drives the dynamo, and the 
dynjamo and assistant battery together make up the 
necessary voltage to supply the motor with the required 
current. 

The power coming out of the battery can be measured 
by measuring the current A circulating through it, and 




Fig. 129. 

multiplying this by the voltage drop V over the battery. 
We then assume that this supplied power, equal to AV 
watts, is divided equally between the motor and the 
dynamo to make up their internal losses. 

Hence the efficiency of the dynamo is equal to 
the ratio of the power in watts coming out of the dynamo 
to the same power increased by half the product AV. 
The efficiency of the motor is equal to the ratio of the 
watts coming out of the motor diminished by half the 
product AV to the power in watts put into the motor. 
The power coming out of the dynamo is measured by 
the pjoduct of the current and the terminal voltage (Vj>) 
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of the dynamo, and the power put into the motor is 
measured by the product of the current in amperes and 
the terminal voltage (V^) of the motor. 

Hence, if we measure with an ammeter the current 
(A) circulating round the system (see Fig. 129), and 
measure with a voltmeter the voltages Vd, Vm, Vb, at the 
terminals of the dynamo, motor, and battery respectively, 
we have the following rules for calculating the efficiency 
Ed of the dynamo, and that En of the motor. 



AVp + iAVB* 
Also 

^"- — Avr — 

These electrical measurements can all be made with 
great accuracy. It will be seen that we really only 
require to know the current A in order to be sure that 
we have the full load current coming out of the dynamo, 
and that we are testing it under normal conditions as to 
load and speed.* 

§ 8. Primary and Secondary Batteries. — The 
transformation of chemical potential energy into elec- 
trical energy, or the reverse process, is effected by trans- 
forming devices, which are called /Vm^r^ or Secondary 
Cells, A collection of cells is called a Battery. The 
elementary theory of cells is best approached by study- 
ing the facts of Electrolysis. We have already seen that 
if two plates of a chemically inactive metal, say platinum, 
are placed in a solution of an electrolyte (for the sake of \ 
simplicity let us consider it to be a solution of hydro- 
chloric acid (HCl) in water) ; and, if an electric current 
is passed through this electrolytic cell or voltameter, 
Electrolysis^ or electro-chemical decomposition, takes 
place. The products of this electrolysis appear at the 

* For practical details of the test see the author's ' Electrical Labora- 
tory Notes and Forms,' Advanced Series, No. 40. ■ - . ^ 
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plates, or electrodes, and are called the Ions. The modem 
view of this process is as follows : — A chemical mole- 
cule like hydrochloric acid (HCl) consists of an atom of 
hydrogen (H) united to an atom of chlorine (CI) by a 
chemical bond. Each of these atoms is called a mono- 
valent atom. When hydrochloric acid exists in solution 
in water, it is considered that the same atom of hydrogen 
is not always in contact or in union with the same atom 
of chlorine, but the molecules are continually being 
broken up and reformed just like couples dancing in a 
ball-room who are constantly changing partners. The 
forces holding the atoms together to form a molecule 
are considered to be the electrical attraction of charges 
of electricity of opposite sign carried by the atoms. The 
causes of a rupture of a molecule may be considered to 
be the collisions it receives in moving rapidly about. 
Moreover, in a molecule of hydrochloric acid, we must 
picture to ourselves the atoms of hydrogen as positively 
electrified, and the atoms of chlorine as negatively elec- 
trified ; these charges being exactly equal in amount but 
opposite in sign. The molecules of hydrochloric acid 
are thus moving rapidly about and exchanging partners. 
Hence at any instant there is a certain number of com- 
plete molecules of hydrochloric acid (HCl) and a certain 
number in a state of dissociation as free atoms of hydro- 
gen (H) and chlorine (CI). These disunited or free 
atoms are called lons^ and the charges of electricity they 
carry are called the Ionic Charges, If, then, we intro- 
duce into a vessel containing such an electrolyte a pair 
of platinum plates connected with a source of electro- 
motive force so that one plate is at a higher potential 
than the other, we immediately disturb the distribution 
of the free ions. Before the introduction of these elec- 
trodes, we may picture to ourselves the free ions with 
their electrical charges moving rapidly about in different 
directions, one moment being in combination and the 
next moment free again. The instant, however, that the 
charged electrodes are introduced these last will exercise 
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an electrical attraction upon the ions, when in the free 
state, in virtue of the ionic charges. The positive ions 
will begin to make their way towards the negative elec- 
trode, and the negative ions towards the positive elec- 
trode. Each ion will make its way as through a crowd, 
free one moment and for a short time in combination the 
next, but always struggling on towards the oppositely 
electrified electrode during its moments of liberty. The 
result will be that the electrodes will be soon covered 
over with a layer of ions, the positive electrode with a 
layer of negatively charged ions, and the negative elec- 
trode with a layer of positively charged ions. These 
electrodes are then said to h^ polarised. If, then, the 
source of electromotive force is removed and the platinum 
plates connected with each other by a wire, we find that 
for a short time there is a current of electricity in this 
connecting wire. This is called the Discharge Current 
of the electrolytic cell. The polarisation is then found 
to disappear as this discharge current proceeds. The 
electrified ions move back into the liquid, and this is 
associated with an electric current, viz. the movement of 
an equal amount of positive electricity in one direction 
and of negative in the opposite. If instead of discharg- 
ing the cell we had continued to apply a sufficient elec- 
tromotive force, bubbles of hydrogen would have made 
their appearance at the negative pole, and of chlorine at 
the positive pole,* and energy has continually to be sup- 
plied to the cell to effect this free decomposition. In 
order to cause the ions to appear in the form of free 
neutral elements, energy has to be given to the cell. 

As soon as the electrodes are polarised, any attempt 
to send more current through the cell meets with an 
opposing electromotive force ^ due to the tendency of the 
ions to re-combine. Hence, to force a current through 

* As a matter of fact in decomposing hydrochloric acid it is necessary 
to use a carbon rod for the positive pole or electrode, because the chlorine 
ions attack the platinum. This, however, does not affect the general ex- 
planatioif. 
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370 MAGNETS AND ELECTRIC CURRENTS, 

the cell and liberate freely the ions as neutral elements 
or compounds at the electrodes, an electromotive force 
has to be applied greater than the back electromotive 
force due to the polarisation of the plates or to the 
liberated ions. This necessitates work being done, and 
accordingly, to make a continual liberation of ions at the 
surface of the electrodes requires two things : firstly, the 
passage of a certain quantity of electricity through the 
voltameter; and secondly, the presence of a certain 
electromotive force creating a certain minimum potential 
difference between the electrodes of the cell. 

It will be noted, therefore, that on this view the 
electric current, when causing electrolysis, is not supposed 
to tear the molecules of the electrolyte asunder. The 
electric forces simply guide the ions when they are free, 
one half of them migrating in one direction, and the 
others in the opposite. 

In order to produce what is called free decompo- 
sition, work has, however, to be done in the cell to over- 
come the back electromotive force, due to the ions 
liberated against the electrodes. This work may be 
looked upon as the equivalent of the potential energy 
represented by the products of electrolysis. 

The amount of electricity which must pass through an 
electrolytic cell to liberate one gramme of free hydrogen 
gas from an electrolyte containing it, is 96,340 coulombs, 
or 9,634 absolute CG.S. units. 

Faraday discovered that if we pass the same current 
through a number of electrolytic cells arranged in series, 
or one after the other, each containing different electro- 
lytes, the current will liberate in each cell weights of free 
ion* which are chemically equivalent. 

Thus if we have three electrolytic cells joined in 
series, one containing dilute hydrochloric acid, the next 
melted silver chloride, and the next melted zinc chloride, 
all of which substances are electrolytes, the weights of 
hydrogen, silver and zinc, liberated against the negative 
electrode of each cell by the passage of 96,340 coulombs 
of electricity, will be respectively i gramme of hydrogen 
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107*7 grammes of silver, and 32*45 grammes of zinc. 
These weights are in the ratio of the chemical equiva- 
lents of these bodies, or proportions in which they 
combine with one and the same element such as chlorine. 

If a number of grammes weight of a body is taken 
equal numerically to its molecular weight, this mass is 
called a gram-moleade of the body. If a number of 
grammes equal to the chemical equivalent is taken, this 
mass is called a gram-equivalent of the body. Thus the 
atomic weight of hydrogen is I, and the valency of 
hydrogen is unity. The atomic weight of oxygen is 16, 
and the valency is two. The molecular weight of water 
(H2O) is 18, and the chemical equivalent is said to be 9. 
Accordingly, i gramme of hydrogen, 8 grammes of oxy- 
gen, ^nd 9 grammes of water are gram-equivalents of 
these bodies. 

Faraday's law of electrolysis is that one gram-equiva- 
lent of any electrolyte is decomposed by sending through it 
96,340 coulombs of electricity, . This quantity of electricity 
accordingly will decompose 9 grammes of water, and 
liberate from it i gramme of hydrogen. It will also de- 
compose 36J grammes of hydrochloric acid, and liberate 
from it I gramme of hydrogen. This shows that there is a 
certain definite and unalterable electric charge associated 
with an atom or ion of a monovalent element, such as 
hydrogen, chlorine, silver, &c., and exactly double that 
quantity of electricity associated with a divalent atom or 
ion such as copper, zinc, or calcium. Some elements, 
such as iron, can exist in two states, in which they are 
either divalent or trivalent. 

In order to force this quantity of electricity (96,340 
coulombs) through the electrolyte, a certain minimum 
electromotive force is necessary. Thus dilute sulphuric 
or hydrochloric acid cannot be freely electrolysed with 
an electromotive force of much less than i • 8 volts. 

Since the mass of an electrolyte decomposed is pro- 
portional to the quantity of electricity which has passed 
through it, an electrolytic cell becomes an exact means 

2 B 2 
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of measuring a quantity of electricity. By weighing the 
amount of copper or silver deposited in a copper or silver 
voltameter we have seen that a uniform electric current 
can be measured. The student should carefully ex- 
amine for himself the effects taking place when an 
electrolyte, say dilute sulphuric acid, is electrolysed. 

In a small glass beaker (called a voltameter) fix two platinum 
plates (see Fig. 130) and provide two or three voltaic cells of 
the Daniell type. These cells are made by placing in a gallipot 
a cylinder of copper, and in the interior of the cylinder a porous 
pot of unglazed clay. A rod of amalgamated zinc is placed 
in the interior of the porous pot. A strong solution of zinc 




Fig. 130. — Voltameter for Electrolytic Decomposition, adapted 

for use in the Projection Lantern. 

sulphate is then placed in the interior of the porous pot, and a 
strong solution of copper sulphate is placed in the space outside 
the porous pot. These solutions are made by dissolving the 
white crystals of zinc sulphate and the blue crystals of copper 
sulphate respectively in boiling water. Prepare three cells of 
this kind, and provide terminals to the zincs and coppers so as 
to connect up the cells in series. 

Join up the voltameter, one Daniell cell and a galvanometer 
with wires, as shown in the diagram in Fig. 131, and arrange 
the wire from the voltameter so as to connect it quickly with 
the cell or the galvanometer. Then note the following facts. 
If the voltameter is connected for a few minutes with the 
Daniell cell, and then removed and switched on to the gal- 
vanometer, the galvanometer will show a feeble current for a 
moment or two. This is the polarisation current of the volta- 
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meter. If the Daniell cell is kept in steady connection with the 
voltameter no bubbles of gas will be seen coming off from the 
plates. The electromotive force of the Daniell cell being only 
about I volt is insufficient to overcome the back electromotive 
force of polarisation and send a continuous current through the 
voltameter. If, however, two or three Daniell's cells are joined 
in series, and employed as 
the battery, then a current 
is continuously forced through 
the voltameter, and free de- 
composition of the dilute acid 
occurs. Hydrogen is liber- 
ated in bubbles at the nega- 
tive electrode and oxygen 
at the positive electrode. 
During, and after the de- 
composition, however, the 
electrodes are covered or 
saturated with hydrogen ions 
and oxygen ions, and if the 
voltameter is disconnected 
from the battery and put on Fig. 131.— B, Battery ; V, Volta- 
to the galvanometer a brief meter ; G, Galvanometer ; K, Key. 

reversed current will be found 

lasting as long as the platinum plates remain electrochemically 
different by the ions deposited on them. The cell therefore 
becomes when polarised a reservoir of energy. 

The polarisatron of platinum plates, when placed in 
dilute acid and made the electrodes in the electrolysis 
of dilute acid, was discovered soon after the invention of 
the voltaic cell, and such a polarisation cell was called a 
Secondary cell. It was not until 1859 that Plantd took 
up the subject, and showed, by exhaustive experiments 
that lead was the best metal to employ for the electrodes 
in the construction of a secondary cell ; and that secon- 
dary cells, made of lead plates placed in dilute sulphuric 
acid, might be made a very efficient means of storing 
electric energy. 

Plants discpvered a process by which the amount of 
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the electric charge accumulated in a lead secondary cell 
could be greatly increased. 

His process, which is cdW^A fanning \h^ plates, briefly 
is as follows : — He placed two lead plates in dilute 
sulphuric acid containing lo per cent, of the strong acid. 
He then passed a current through the electrolytic cell so 
made, and after a short' time one of the plates, viz. the 
positive electrode, was found to be covered with a brown 
layer of peroxide of lead (Pb02). He then allowed the 
cell to stand disconnected, and after a period of rest 
discharged the cell by connecting the plates by a wire. 
In the next place he charged the cell in a reverse direc- 
tion, and then after a second period of rest discharged it 
again. After these operations had been many times re- 
peated, it was found that the capacity of the cell to take 
up current energy and give it out again was very much 
increased. One plate had become superficially covered 
with peroxide of lead, and the other with reduced or 
spongy lead. Plants also found that a preliminary treat- 
ment of the lead plates with nitric acid had the effect of 
greatly increasing their electrical capacity when formed 
as above, and used as the electrodes in a secondary cell. 

Since that date numerous improvements have been 
made in the process of " forming " the plates, and also in 
the mode of constructing them. 

We may take as a typical instance of a modem 
Plants type of cell the secondary cell known in practice 
as the D.P. cell. The lead plates of this cell are con- 
structed of narrow slips of lead plate, which are all 
autogenously soldered or burnt together into a square 
lead frame. The construction gives a plate somewhat 
like the gill of a fish in structure, and having a very large 
surface of lead exposed to the electrolyte. This plate is 
then formed by treatment in a special electrolyte, and 
finally a series of such plates are placed in a glass box 
containing dilute sulphuric acid. The alternate plates 
are connected to connector bars of lead, and insulating 
pieces or separators placed so as to prevent the plates 
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from touching. (See Fig. 132,) This construction then 
gives us two lead plates of very extended surface, placed 
opposite and in proximity to each other in dilute sul- 
phuric acid. One set of connected plates is converted 
on the surface into peroxide of 
lead, and the other set of con- + 

nected plates into spongy lead 
on the surface. These plates are 
charged by passing a current 
through the cell in one direction 
until the electrolyte begins to 
give off bubbles of hydrogen 
and oxygen. When this pro- 
cess is ^nished, it is found that 
the eel! possesses a store of elec- 
tric energy, and will give out a ^. "~ 
reverse current for some con- ?S,S7t3'-'"c!eu! 
siderable time. 

We have then briefly to consider the electrical and 
chemical facts connected with this process of energy 
storage. In order that a secondary cell may be chained, 
it is found that an electromotive force, gradually rising 
from 2 volts to 2J volts, must be applied to its terminals. 
Hence to charge 54 cells in series an electromotive force 
must be available rising gradually from 108 to 135 volts. 

Whilst the cell is charging, a certain quantity of 
electricity is passed through it, This quantity, reckoned 
in ampere-hours, is called the charge. When the cell is 
dischat^ed, a certain lesser quantity is given up by it, 
and the ratio between the ampere-hours of discharge 
which can be got out of the cell to the ampere-hours put 
into the cell is called the ampere-kour efficiency. The 
ampere-hour efficiency varies with the rate of charge and 
discharge, and on the time the cell has been standing in 
between charge and discharge, and is generally expressed 
as an efficiency for such and such a rate of discharge in 
amperes. 

The most appropriate rate of chaise in amperes is 
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determined by the area of the opposed surface of the 
plates, and this surface also imposes a limit to the 
normal or safe rate of discharge. In order to keep the 
cell in good condition, the cell must be charged at a 
certain current density, or at a certain number of am- 
peres per square foot of plate surface, and the rate of 
discharge must not exceed a stated maximum current 
density. 

In charging the cell, a current is put into it under a 
certain electromotive force. The product of the in-going 
current, reckoned in amperes, and the terminal potential 
difference in volts, is the charging power in watts. The 
total amount of energy put into the cell can be reckoned 
out in watt-hours. The ratio expressed as a percentage 
between the energy which can be taken out of the cell 
on its discharge to the energy which is put into it in 
charging is called the watt-hour efficiency of the cell. 
This can never be a number greater than about 80, 
because the average charging voltage is about 2j volts 
per cell, and the average discharge voltage is not more 
than two volts. 

These two efficiencies are, in practice, obtained as 
follows. 

A cell has a measured current sent into it to charge 
it, and the potential difference between the cell terminals 
is measured in volts at regular intervals. A horizontal 
line is then taken (see Fig. 133) on which to mark off 
time in hours. Vertical lines are then drawn to some 
suitable scale to represent the ampere-current going into 
the cell, and also the power in watts, viz. the numerical 
product of the current in amperes and terminal volts, 
supplied to the cell, the readings being taken at frequent 
intervals. If lines are drawn joining the tops of these 
perpendiculars, we shall obtain curves showing the varia- 
tion of charging current and charging power during the 
charge. 

If the area lying between the horizontal line, the 
two extreme perpendiculars and the curve is taken, and 
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reckoned out in units, each equal to the area of a rect- 
angle, one side of which is the length taken to represent 
an hour, and the other, the length taken to represent 
an fiimpere or a watt, then these areas give us respec- 
tively the ampere-hours and watt-hours put into the cell. 
Let the cell be then discharged and measured in the 
same manner, and let the discharge be considered as 
complete, when the potential difference between the 
terminals of the cell has fallen to 1*9 volts. If then 
we construct another pair of diagrams drawn as above, 
to represent the ampere-hours and watt-hours of the 
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Fig. 133. — Ampere-hour and Watt-hour Areas for Charge 
and Discharge Diagram of Secondary Cell. 

discharge, we are finally able to find the ratio of the 
area representing the ampere-hour discharge to that of 
the ampere-hour charge, and the area representing the 
watt-hour discharge to that representing the watt-hour 
charge. This gives us the ampere-hour efficiency and the 
watt-hour efficiency. The ampere-hour efficiency will be 
smaller the greater the rate of discharge, and so will 
the watt-hour cfiiciency. 

To get the greatest ampere-hour efficiency, the cell 
must be discharged with a small out-going current, and 
the charge must be stopped the moment bubbles of gas 
are seen coming off from the plates. 
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In conducting a test of a secondary cell, these elec- 
trical measurements are best made by the potentio- 
meter. The internal resistance of the cell can be 
calculated for any out-going current by measuring the 
voltage (V) of the cell on open circuit, and by mea- 
suring the terminal potential difference (v) when the 
circuit of the cell is closed through a known resistance 
of (R) ohms. 

Then, since the out-going current is equal by Ohm's 

V 7 

law to — , and also since by the same law 

iv 

V V 



R r+ R 

where r is the internal resistance of the cell, we see that 
r can be calculated by the formula 

The chemical changes which go on in the lead 
secondary cell during charge and discharge have been 
the subject of much investigation, and even now can 
hardly be said to be fully understood. When a lead 
secondary cell of the Plante type has been properly 
formed and charged, on looking at the plates we see 
that one plate, called the positive plate, which has been 
in connection with the positive pole of the charging 
dynamo, is converted on the surface, and to some depth 
below the surface into a dense puce-coloured or choco- 
late-coloured deposit, which is closely adherent to the 
lead-plate. This is composed chiefly of peroxide of lead 
(PbO«). The other plate, called the negative plate, 
has a clean grey colour, and the surface of this lead 
plate has been converted into lead in a highly porous 
condition, in which it is termed spongy lead. 

Faure made the discovery, that the process of form- 
ing the plates could be accelerated by mechanically 
putting on to the surface of the lead, red oxide of 
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lead (minium), PhsO^, which was held there, and was 
reduced and peroxidised, instead of forming the per- 
oxide and spongy lead entirely out of the material of 
the plate itself, as did Plants. Subsequent improve- 
ments by Mr. J. W. Swan and others, finally led to the 
perfection of a type of plate for secondary batteries, 
called the pasted plate or packed grid type. This plate 
is made by casting a lead grid with rectangular aper- 
tures (see Fig. 134), and having a conducting lug at- 
tached to it. This plate is then packed with a cement 
made by mixing up litharge 
(PbO) or red lead (Pb304) with 
dilute sulphuric acid, according 
as it js intended to make a nega- 
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tive or positive plate. This 
cement is packed and pressed 
into the apertures of the grid, 
and after a time sets hard. 
The plate so prepared is placed 
in dilute acid and formed by 
means of a current, and finally 

we obtain, as a result of the ^^ 

process, a series of positive Kig. i34.-Lead Grid for 

plates mostly converted mtO Secondary Cell Plate. 

hard peroxide of lead on the 

outside and outer portions, and negative plates in the 
same way reduced to spongy lead. The lead grid 
serves as a backing to give mechanical strength. 

When Xki^s,^ peroxide and reduced ^^X.^%y as they are 
termed, are placed in dilute sulphuric acid, they are 
electrochemically very different. The reduced plate acts 
to the peroxide plate as the zinc to the carbon in a 
primary cell, and, if connected by a conductor, the plates 
will produce a current in the connecting circuit. The 
electromotive force of the cell is 2 • i or 2*2 volts, but 
falls gradually as the discharge proceeds. The nature of 
the complicated chemical processes which go on in the 
cell cannot yet be said to be perfectly ascertained, but 
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opinion inclines on the whole to the view that during this 
discharge the plates take up sulphuric acid out of the 
dilute sulphuric acid, and both have white sulphate of 
lead produced in them and on them, which exists inti- 
mately mixed up with the remaining peroxide of lead 
and reduced lead. The process of charging the plates 
consists in breaking up this sulphate of lead electrolyti- 
cally and reforming peroxide of lead and spongy lead on 
the positive and negative plates respectively. The 
chemical equation for the reaction is then as follows. 
Before the discharge we have the active materials 

(+)PbOa I HaS04+HaS04 | Pb(-). 

During the discharge we have formed out of them 

(+)PbS04 I HaO+HaO I PbS04 (-), 

where the signs + and — denote the positive and nega- 
tive plates. 

Hence the peroxide and reduced lead disappear, and 
lead sulphate is formed. Sulphuric acid at the same 
time is taken up out of the dilute acid, thus reducing the 
specific gravity of the electrolyte. On charging again, 
the sulphate of lead is broken up and the density of the 
electolyte rises. The variation of the specific gravity of 
the electrolyte is therefore found to be an indication of 
the state of the cell. The dilute acid should have a 
specific gravity of i '235 to i '240 when the cell is fully 
charged, and should not be allowed to fall below i'20S 
or I '210 when the cell is discharged. 

Cells should never be allowed to stand long uncharged 
or partly discharged. Chemical actions, called local ac- 
tions, then come into play, which result in the formation 
of a dense layer of badly conducting sulphate of lead on 
the surface of the plates, which it is difficult to decompose. 
The peroxide of lead and the spongy lead are good con- 
ductors, and hence as long as the sulphate of lead is only 
formed in intimate mixture with these in the body of the 
plate it is easily got at and reduced by the current 
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In charging a series of cells the charge should be 
continued until every cell just boils, as it is called, or 
gives off gas freely from each plate. The plates should 
then after full charge have a clean chocolate-red and 
blue-grey colour respectively, and the cell should never 
be discharged beyond the point at which the electro- 
rnotive force of each cell on open circuit falls below i '9 
volts. 

To obtain a steady voltage of roo volts for the electric 
lighting of buildings it is customary to put in 54 cells, 
and to provide a dynamo capable of giving an electro- 
motive force of 135 volts. The cells can then be charged 
fully by giving each its necessary 2 to 2 • 5 volts. At 
the beginning of the discharge only 49 or 50 cells are 
employed to give the voltage, and they provide 100 volts. 
As the discharge continues more cells are taken into use, 
and finally near the end of the discharge the whole 54 are 
necessary to obtain about 100 volts. 

In estimating the value of any type of secondary 
cell for various purposes we have to take into account — 

1. The capacity of the plates in ampere-hours per 
pound weight of plates (positive and negative reckoned 
together) and per pound weight of the complete cell. 

2. The maximum rate of discharge per square foot of 
plate (surface of one set of plates alone reckoned) and 
per pound weight of the whole cell. 

3. The safe maximum rate of charge and discharge 
per square foot of plate. 

4. The durability of the plates. 

5. The weight of the whole cell per horse-power at 
the maximum rate of discharge. 

The capacity of the plates per pound of plates may 
generally be taken at about 4 ampere-hours per pound 
of plates, positives and negatives both taken together. 
In some types of cell it may rise as high as 9 ampere- 
hours per pound of plate. This weight-capacity is after all 
very much conditioned by durability. In estimating the 
value of a cell we have to consider not only its electrical 
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capacity but its duration or useful life and capability to 
stand some rough usage. 

Plates can be made to have a large capacity in 
ampere-hours per pound, but this must not be gained at 
the expense of durability and by making a fragile plate 
Generally speaking, a cell of the stationary'' type, consist- 
ing of a glass box containing the acid and lead plates, 
will weigh altogether from one-half to one-third as many 
pounds as it has ampere-hour capacity at a nine-hour 
discharge. In cells intended for traction work, capa- 
cities as high as 5 to 8 ampere-hours per pound of 
complete battery cell, can be obtained. Since the cell 
discharges at 2 volts, if we multiply the ampere-hour 
capacity by 2 we have the watt-hour capacity of the cell. 
This number divided by .746 gives us the horse-power- 
hour capacity of the cell. Hence the ordinary weight of 
complete secondary batteries may be taken at about 
one-hundred weight (112 lbs.) per horse-power-hour of 
contained energy. 

The ampere-hour capacity of the cell depends upon 
the rate of discharge. Hence the discharge rate in 
amperes must be stated, or else the capacity figure has 
no useful meaning. It is generally stated by the makers 
for various durations of discharge. Thus the ampere- 
hour capacity is said to be so much for a 9-hour, 6-hour 
or 3-hour discharge. 

The capacity of a cell is therefore intimately connected 
with the current-density during discharge, and the more 
rapidly we take the charge out of a cell the less quantity 
in ampere-hours do we find in it. The reason for this is 
that a rapid rate of discharge converts the superficial 
layers of the plate into lead sulphate, and hinders the 
process of sulphating the deeper layers of the plate. It is 
not merely the surface but the interior body of the plate 
which should take part in the chemical processes, and the 
rate of discharge affects the depth to which the action 
proceeds. 

Bearing in mind that a watt-hour is 3600 joules, and 
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that a joule is nearly three-quarters of a foot-pound, we 
can find the work stored up in a cell in foot-pounds by 
multiplying the capacity in ampere-hours by 2 x 3600 
X '75 = S400. Hence, generally from 20,000 to 40,000 
foot-pounds of energy can be stored up in two secondary 
plates, one positive and one negative, weighing together 
one pound. 

For electric traction purposes makers have aimed at 
constructing a cell which will be as light as possible per 
foot-pound of capacity, and yet stand sudden brief high 
discharges without damage. 

For stationary purposes, especially for central station 
purposes, the aim is to secure durability combined with 
the power to give occasional large discharge currents. 

As regards the current density during charge and 
discharge, most modern cells are so used that the normal 
charge or discharge current is at the rate of about 3 to 6 
amperes per square foot of plate surface, reckoning only 
one set of plates, say the positives. 

If the normal rate of charge or discharge is exceeded 
and we attempt to put the energy into the cell or take it 
out at a much greater rate than corresponds to a current 
density of the above stated value, there is risk of dam- 
aging the plate. For central station purposes, a tolerably 
uniform rate of treatment can be obtained, but cells in- 
tended to be used for traction (as in electrical cabs, omni- 
buses and trams) must be made to stand without injury 
large sudden discharges at a high current density for 
short periods during the starting of the motor. 

A few words must then be said in conclusion on the 
subject oi primary batteries. In nearly all the widely 
u^ed primary batteries the negative electrode is a plate 
or rod of amalgamated zinc. This is associated with a 
plate or rod of some substance not capable of being 
oxidised at a low temperature, and which is at the same 
time a good conductor. The materials most usually 
employed for the positive electrode are copper, silver, 
platinum, carbon, carbon in association with pyrolusite 
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or peroxide of manganese, or else compressed peroxide 
of lead. If a plate of zinc and one of any of the above 
bodies (which are electrochemically very different from 
zinc) are placed together in a vessel in dilute acid or 
alkali, we then have in this voltaic couple a source of 
electromotive force. If the plates are metallically con- 
nected by a wire outside the cell, a current is produced 
in the wire which flows in the wire from the positive 
electrode or pole to the negative pole, and back through 
the electrolyte of the cell. 

Immense discussion has taken place on the question 
of the place and origin of this electromotive force of the 
cell. Volta proved that two metals placed in contact are 
at different potentials ; and he placed the seat of electro- 
motive force of the copper-zinc cell, joined by a copper 
wire, at the point of contact of the copper and zinc. The 
electrical energy exhibited in the cell circuit undoubtedly 
is the result of a transformation of a part, at least, of the 
energy represented by the chemical actions going on 
in the cell ; and it seems most reasonable, therefore, 
to place the seat of the cell electromotive force at those 
places where chemical transformations are proceeding, 
viz. at the place of contact of the metals and the active 
liquids. We shall not attempt, however, any discussion 
of the difficult matter of the theory of the voltaic cell; 
but confine ourselves to the simple facts. 

If a pure zinc and copper plate are placed in dilute 
sulphuric acid and connected, it is seen that in a few 
moments the copper plate is covered over with gas- 
bubbles, which are hydrogen gas. At the same time 
the zinc dissolves in the dilute acid and forms sulphate 
of zinc This layer of hydrogen liberated on the copper 
plate reduces the electrochemical difference of the two 
metals ; apd in fact a copper plate thus coated (or polar- 
ised) with hydrogen ions becomes electrically more similar 
to a zinc plate. As soon as this happens, therefore, the 
current nearly ceases. To keep up the current, some 
means must be provided to destroy or remove this. 
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hydrogen, or depolarise the positive plate. Even if this 
polarisation does not stop the current altogether, it slowly 
reduces the current given by the cell by introducing a 
back-electromotive force and an additional resistance. 

The most obvious means of getting rid of this hydro- 
gen layer is to put into the cell some body which is rich 
in oxygen, and which can give it up easily to combine 
with the hydrogen and form water. For this purpose, 
chromic acid, bichromate of potash, permanganate of 
potash, chlorochromic acid, bleaching powder and other 
oxidising substances are placed in the cell as depolarisers 
An endless number of secret liquids have been vaunted 
and introduced as specially effective for this purpose. 
Taking the simple and well-known bichromate cell vf^ find 
it is usual in this cell to employ a plate of hard, highly 
conducting graphite or carbon as the positive pole. To 
this a lead head is fixed or clamped, and a terminal. 
The creeping of acid up the carbon can be prevented by 
first soaking the top of the carbon in melted paraffin 
wax before putting on the clamp. The zinc and carbon 
plate are immersed in a solution formed as follows : — 
In I pint of water dissolve 3 ounces of crystallised bi- 
chromate of potash, and add 2 ounces of strong sulphuric 
acid. This solution costs about i^. 6d. per gallon to 
make. Owing to the fact that the solution deposits 
chrome alum crystals on the carbon and zinc, and creates 
somewhat insoluble salts in working, it is better to use 
hydrochloric acid instead of sulphuric acid. The oxidis- 
ing action of the chromic acid in the potassic bichromate 
continually destroys the hydrogen which would otherwise 
appear on the carbon plate when the cell is working. 
The electromotive force of the cell on open circuit is 
about 1*9 or 2 volts. The objection to the use of 
chromic acid or other similar oxidising bodies placed in 
the acid electrolyte is that they chemically attack the 
zinc directly, and by producing useless consumption of 
the zinc, reduce the zinc efficiency of the battery. More- 
over, as the depolariser becomes exhausted round the 

2 C 
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carbon plate, the electromotive force of the cell falls off. 
Hence it is very difficult with any single fluid cell of 
this kind to keep a constant current for long together 
through a resistance which is not very large. The zinc- 
efficiency of the battery may be measured as follows. 
Since the electrochemical equivalent of zinc is i "21330 
grammes per ampere-hour, we see that for every ampere- 
hour of electric quantity that comes out of the cell, 1*2133 
grammes of metallic zinc must at least be dissolved. 
If we allow the battery to send a constant current of ;r 
amperes for say 5 hours, we know then that 5 ;r is the 
number of ampere-hours which have come out of the 
cell. Hence 5 ir x i '2133 grammes of zinc at least have 
been tiissolved off the zinc plate to make this current. 
If the iinc plate is weighed before and after the experi- 
ment, then any weight lost over and above the amount 
so reckoned isdue to waste, Or local chemical action on 
the zinc. The ratio between the zinc which should have 
been theoretically used, and that which has been actually 
used .:up vis called the ^^'3^^ efficiency ol the cell. It will 
vary with the. duration of the experiment, being greater 
the larger the current taken from the cell. 

In spite of its disadvantages the bichromate cell is a 
very favourite one in laboratory and for telegraphic pur- 
poses. ': 

The amalgamated zinc- plates used in it cost about 
6d, per lb., and we may say that approximately a pound 
of ziiic;will be used up for every gallon of bichromate 
solution. This amount of zinc theoretically should pro- 
duce about 400 ampere-hours of electric quantity, or say 
700 watt-houcs of electric energy at i • 8 volts. Hence, 
1000 watt-hours would cost about ^s, to produce by 
means of a bichromate cell This amount of electric 
energy is called one Board of Trade unit. 

A Board of Trade unit of electric energy can be sup- 
plied by means of engines and dynamos for 3^. a unit, 
or less, and is usually supplied for house-lighting at 6d, 
Hence it will be seen that the generation of electric 
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currents by zinc primary batteries is much more costly 
than by dynamo-electric machines. Nevertheless, for the 
production of small electric currents, and for portable 
batteries, such as miners' lamps, there is a useful field 
for primary batteries. 

For telegraphic and telephonic work, and for electric 
bells and all purposes where a small electric current is 
required intermittently, the most convenient cell for the 
purpose is the Leclanch6, or some modification of it in 
the form of the Dry Cell^ now much used. 

The Leclanch6 cell, in one form, consists of an amalga- 
mated zinc rod and a hard carbon plate, this last placed in 
a porous pot and packed round with granulated carbon 
and peroxide of manganese in a crystalline form. The 
exciting liquid is either sal ammoniac solution or a mix- 
ture of chloride of zinc and chloride of ammonium dis- 
solved in water. The peroxide of manganese is a highly 
oxygenated body, and it acts as the depolariser. The 
peroxide is sometimes mixed with the carbon and com- 
pressed into the form of a hard block, called an Agglo- 
merate Block, or the compressed peroxide of manganese 
may be placed in the form of separate compressed blocks 
on either side of the carbon plate. 

In the case of the so-called dry cells the exciting 
solution is mixed with plaster of Paris or some absorbent 
material, so that there is no free fluid in the cell, and it 
can be sealed up and easily transported. There must, 
however, be moisture sufficient present to permit the 
chemical action to take place and preserve the electro- 
lytic character of the exciting material. 

The above cells are all called single-fluid cells, with 
depolarisers either solid, like the manganese peroxide, 
or liquid, like the bichromate of potash solution. 

In two-fluid cells the depolariser is placed around the 
positive pole and preserved from coming in contact with 
the exciting solution in which is placed the zinc plate, 
either by a porous partition or by a difference of specific 
gravity, as in the ordinary and gravity Daniell cell, 
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In this case the ionic hydrogen set free from the dilute 
sulphuric acid in which the zinc is placed never reaches 
the copper plate at all. It enters the sulphate of copper 
solution in which the copper plate is placed and liberates 
from it an equivalent of ionic copper, which is deposited 
on the copper plate. The student may with advantage 
compare the chemical actions supposed to take place in 
the lead secondary battery with those taking place in a 
simple copper-zinc-acid cell and in a Daniell two-fluid 
non-polarisable cell. These are exhibited in chemical 
symbols below. The thick block letters stand for the 
metallic part of the electrodes, taking no share in the 
action. 

I. Chemical Actions in the Lead 
Secondary Cell. 

Before discharge — 
- Plate 



PbPb 



Electrolyte 
so, 1 SO4 1 

with additional dilute acid 



+ Plate 

Pb 
O, 



} 



Pb 



After discharge — 
- Plate 



Electrolyte 



Pb PbS04 



H2O, HaO 
with additional dilute acid 



+ Plate 
PbSO^ Pb 



II. Chemical Actions in the Zinc 
Primary Cell. 



Before discharge — 
- Plate 



I ZnZn 



Electrolyte 
SO, \ SO4 \ 



with additional water 



-I- Plate 
Cu Cu| 
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After discharge — 
- Plate 
Zn 



Electrolyte 

ZnS04 , HaS04 
with additional water 



+ Plate 
HaCu Cu I 



In the last equation HjCu stands for the polarised 
surface of the copper plate, the hydrogen being de- 
posited on it and adherent to it. 

III. Chemical Action in the Daniell 

NON-POLARISABLE CeLL. 



Before discharge — 

— Plate Electrolytes separated by 

porous division 

I ZnZn 



SO4 I SO4 

jH, 

with additional water 



H3 /H//|||cu ;cu 7 




+ Plate 



Cu Cu I 



After discharge—^ 
— Plate Electrolyte 



I Zn 



ZnS04, HaS04 I H2SO4, CUSO4 
with additional water 



+ Plate 
Cu Cu Cu 



In the last equation, Cu Cu Cu stands for the original 
copper plate thickened by a deposit of copper made upon 
it from the sulphate of copper solutions. 

Lord Kelvin and Von Helmholtz showed that the 
electromotive force of a chemical cell could be calculated 
from a knowledge of the heat equivalents of all the 
chemical and physical actions going on in the cell, and of 
the rate at which the cell changes its electromotive force 
with temperature when heated or cooled. In some cases 
external heating increases the electromotive force of a 
cell. In other cases, such as the Clark cell, heatino- the 
cell diminishes the electromotive force. In the case of the 
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Daniell cell there is practically no change. The resultant 
mechanical equivalent of all the heat actions taking place 
in the cell can be calculated from thermo-chemical data. 

Suppose H to stand for the total amount of heat, 
reckoned in mechanical units^ which would be liberated 
by the chemical actions taking place in the cell if all the 
energy represented by one C.G.S. unit of electricity pass- 
ing round the cell circuit assumed a thermal form. 

The unit of heat, be it remembered, is the heat required 
to raise one gramme of water one degree Centigrade at 
or near I0° C, and this is called one water-gram-degree, 
or one calorie. The gram-degree represents a mechanical 
work of 42 million ergs, or 4*2 joules; and heat is 
therefore measured in C.G.S. mechanical units when its 
calorie-value is multiplied by 42 million. 

If the electromotive force of the cell is E volts, or 
E X 10* C.G.S. units, then since the work done by one 
C.G.S. unit of electricity in falling through a potential 
of E volts is E X 10* ergs, we must have the equation 

E X io» = H 

expressing the fact that the work done by the unit 
of electric quantity in going round the circuit under the 
action of the electromotive force, E volts is, by the law 
of conservation of energy, numerically equal to the total 
heat H represented by the resultant chemical action in 
the cell measured in mechanical units. 

Suppose then that h represents the resultant thermal 
action in calories^ we must have 

H=AXO'42XIO*, 

or 

E=Axo-42. 

This was Lord Kelvin's original equation for the elec- 
tromotive force of a voltaic cell. Von Helmholtz, however, 
in addition showed that if the cell changes its electro- 
motive force with temperature, then, at any temperature 
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f Centigrade, the electromotive force of the cell is repre- 
sented more properly by the equation 

E-o- A2 A- ^27^ -^t<>^J'^*^^ ^^^^ ^^ change of the electro- J 
r— o 42 /? V273-ht )^ ^^^.^^ j.^^^^ ^j^j^ temperature. J 

In the case of the Daniell cell this last term is zero. 
In the Daniell cell the passage of one C.G.S. unit of 
quantity of electricity (10 coulombs) round the circuit 
involves the necessity for chemical changes in the cell, 
of which the resultant or nett thermal equivalent (A) is 
2 • 592 calories. Hence the electromotive force of the 
Daniell cell by the above equation is 2* 592x0 '42 = 
I ' 09 volts, which closely agrees with observation. 

The passage of 10 coulombs of electricity round the 
circuit necessitates the solution of ' 003 370 of a gramme 
of zinc, and this amount is called the absolute electro- 
chemical equivalent of zinc. 
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I. 



The Measurement of the Earth's Horizontal 
Magnetic Field Strength. 



The measurement of the Earth's Horizontal Magnetic Field 
Strength or Force in absolute or C.G.S. units is an important 
and fundamental physical measurement. It is based on the 
following principles. 

If a point P (see Fig. i) revolves in a circle round a fixed 
point O, with a uniform angular velocity w, and in a periodic 
time T, then a/ T = 2 tt. If the posi- 
tion of the point P is at every instant 
projected on to a fixed straight line 
X Y, the projection of O P, viz. O/, 
increases and diminishes with a sim- 
ple harmonic motion (S.H.M.). The 
point / moves backwards and for- 
wards along X Y. The distance 0/ 
is called the Displacement of/ at any 
instant. Let the displacement be 
denoted by x, and let the maximum 
displacement of /, viz. O X, be de- 
noted by X. Then O P = O X = 
X. Let the velocity of the point /, 

moving in the straight line X Y, at any instant be denoted by 
V, and its maximum velocity by V. Similarly let the accelera- 
tion of /, that is to say the velocity of the velocity of / be de- 
noted by a^ and its maximum value by A. 

We have seen in Chap. VIII. that the maximum velocity 
of/ is equal to w times O P. Hence V = «/ X. The velocity 
of/ is represented as regards magnitude at every instant by the 




Fig. I. 
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projection on X Y of a line O Q drawn at right angles to P, 
and of such length that O Q = «/ O P. Hence it follows that 
the maximum value of the acceleration of the point/ will be 
represented by vP^ X, and the acceleration at any instant will be 
represented as regards magnitude by the projection on X Y of 
a line O R, drawn at right angles to O Q, or in the prolongation 
of O P, and equal in length to w^ X. We have therefore 

A = ze^^ X, 
and 

V= wX; 
also 

wT = 2ir; 

therefore 



2 TT 



v= Vax=^x, 



and hence 

X 



T = 2 



Va W 



This last equation shows us that the periodic time of a particle 
moving wiQi a simple harmonic motion backwards and for- 
wards along a straight line X Y is equal in magnitude to 2 «■ 
times the square root of the quotient of the maximum displace- 
ment by the maximum acceleration. Moreover, the diagram 
shows us that the acceleration at any instant in the case of such 
a motion is proportional to the displacement, since O r always 
varies as O/, as O P moves round. The moving force on a 
body is by the definitions of force and acceleration (see Chap. 
11.) equal to the product of its mass and its acceleration. 
Hence if/ stands for \ht force acting at any instant to restore 
a particle moving with a S.H. motion to its zero position, and 
if m is its mass we have always 

f—ma, 

and 

F = w A for the maximum values. 

Substituting this last value for A in equation (i) we have for 
the periodic time T of a body of mass w, executing a S.H. 
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motion under a maximum force F, the force varying as the 
displacement, the equation 

(ii) 



= ^'^sj 



mX 



Consider then the case of a simple pendulum. Let a small 
particle P (Fig. 2) oscillate in a sma// arc by 
a weightless cord OP. Let the particle P 
have a mass »i. The force acting on P to 
restore O P to its vertical position if it is dis- 
placed, is equal to mg sin 0, where = the 
angle Y O P and g is the acceleration of 
gravity. If the angle Y O P is small, we 
may write for sin 0, and if we call the 
length of the arc Y P ^, and the length of 
the pendulum O P /, we have then x = /O. 

Hence the force acting to restore the 
particle P to its position if displaced is equal 

—4— 9 and is therefore proportional to the 




to 



Fig. 2. 



displacement for any given length of pen- 
dulum. 

The bob P moves therefore backwards and forwards with a 
simple harmonic motion. By equation (ii) the periodic time T 
of tlie motion must be such that 



= 2Tr/\y 



mX 

F ' 



but 



F= -j^X. 



Hence 



= 2ir^/ .... (iii) 



This last equation is the well-known formula for the time of 
vibration of a simple pendulum. Suppose the pendulum is not 
a simple pendulum, consisting of a small particle placed at the 
end of a weightless cord, but is a mass of any shape vibrating 
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round the axis. We can always find an equivalent simple pen- 
dulum ; that is to say, a pendulum consisting of a mass m equal 
to the whole' mass of the vibrating body concentrated in a small 
particle and placed at the end of a weightless cord of length /, 
such that it makes a complete oscillation in a periodic time 
equal to that of the vibrating body. Then the couple or torque 
c acting to restore the simple pendulum to verticality at any 
instant is equal to//, where/ is the restoring force acting on 
the small particle in a direction at right angles to the suspending 
cord. Hence the maximum value of the restoring couple C is 
F /. The maximum value of the displacement X is equal to I By 
where B is the angular displacement of the equivalent simple 
pendulum at the extremity of its motion. Hence substituting 
in equation (ii) the values for F and X given by the equation 

C = F/ 
X = IB 

we have for the periodic time T of the simple equivalent pen- 
dulum the expression 

/^X /^7^ 

T = 2 TT^ -p- = 2 TT^ ^. 

T 

The quantity m /*, viz. the product of the mass of the particle 
and the square of its distance from the centre of suspension, is 
called the Moment of Inertia^ of the simple pendulum. The 

C 

quantity — is the restoring couple per unit angle of displace- 

B 

m Q 

ment. If we write I for m /*, and K for -^ we can write the 

u 

expression for the periodic time T of the equivalent simple 

pendulum as follows : — 



=-Vg 



j^ • • • • (iv) 

In other words, the periodic time is equal to 2ir times the 
square root of the moment of inertia divided by the restoring 
couple per unit angle of displacement for small displacements. 
This last is obtained by making a small displacement, and 
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taking the quotient of the numerical value of the restoring 
couple by the numerical value of the angular displacement. 
This equation (iv) is perfectly general, and applies to bodies of 
any form vibrating on small arcs round an axis of rotation 
under the action of a restoring couple which varies in magni- 
tude proportionately to the angle of displacement. 

Apply the foregoing facts to the consideration of a magnet 
of moment M vibrating in the earth's horizontal field round a 
vertical axis. If I is the moment of inertia of the magnet, 
then M H sin ^ is the couple restoring the magnet if displaced 
by an angle ^. If B is small, then the couple C restoring the 
magnet when displaced through an angle ^ is M H ^. . Hence 

Q 

-^ = M H, and therefore 



= ^^^ 



MH 



(v) 



Hence if we set such a magnet vibrating in a small arc, and 
note the time T of a complete vibration, and know the mo- 
ment of inertia I of the magnet, we can calculate the value of 
the product M H. 

If the magnet has the form of a right-circular cylinder of 
mass W, and has a length 2 / and a diameter d^ its moment 
of inertia I is equal to 



W 



Ct - S) 



Hence we have for the value of M H 



MH = ^'l, 



47r» 



^(f+fe) • • • ('''> 



This enables us to calculate the product of the magnetic, mo- 
ment M, and the Earth's horizontal force H, when we know 
the time of vibration T, the mass W, the length 2 /, and the 
diameter d, of a cylindrical magnet which is set vibrating round 
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a vertical axis through its centre, and normal to its longest 
dimension. 

In the next place, let the cylindrical magnet be placed with 
its magnetic axis at right angles to the magnetic meridian, and 
allowed to deflect a very small compass needle placed in the 
axial line of the magnet, and with its centre at a distance x from 
the centre of the deflecting magnet Let the magnetic mo- 
ment of this small compass needle be M'. Let 2^ be the mag- 
netic length of the deflecting magnet, that is to say, the distance 
between its poles. Let also 2y be the magnetic length of the 
deflected magnet. Then it is easy to see that the force due to 
the poles of the deflecting magnet, which acts on one pole of the 
deflected magnet, must be equal to 

MM' MM' 






or to 



2y 2y _ 2y 2y 



M ^ M' f i_ _ I ) 

^y 2y'\(x''yf (x-^ryYy 



or to 



MM' X 

and similarly an equal force due to the deflecting magnet acts 
on the other pole of the compass needle. 

Hence the couple due to the deflecting magnet which acts 
on the compass needle when deflected through an angle must 
be equal to 

M M' ,-,— "^2 cos e, 

(x^ — y^y 

and the opposing couple, due to the Earth's horizontal force, 
must be equal to 

M'Hsinft 
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These couples balance one another when the compass needle is 
at rest, and then we have 

M'H sin tf = M M' , /^..,, cos 

or 

M=(^^*tan. . . . (vii) 

From this equation we can determine the value of — by a 

measurement of the distance x, the angle Oy and the magnetic 
length y of the deflecting magnet. For most purposes it is 
sufficient to take y as equal to • 82 of the length of the cylin- 
drical magnet. If y is not known, we can take two observa- 
tions of $ at different distances x and so eliminate the unknown 
quantity y from Equation (vii). 

We have thus determined, by Equations vi and vii, the 

M 

value of the product M H, and the quotient — , and the value 

Xx 

of M and H separately is then immediately found. 
For if M H = tf , and -- = ^, 

XjL 



H 



"vy 



If the reader makes a determination in this manner of the 
value of H in a room free from large masses of iron, he ought 
to obtain a value not far from • 18 in the South of England, and 
about • 15 in the North of England or in Scotland. 
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II. 



Table of 


Natural Sines 


, Cosines and 


• Tangents. 


Angle in 
Degrees. 


Sine. 


Cosine. 


Tangent 


Angle in 
Degrees 


Sine. 


Cosine. 


Tangent. 


O 


•ooo 


I 'OOO 


•000 


22 


•375 


•927 


•404 


I 


•017 


•999 


•017 


23 


•391 


•920 


•424 


2 


•035 


•999 


•035 


24 


•407 


•913 


•445 


3 


•052 


•998 


•052 


25 


•422 


•906 


•466 


4 


•070 


•997 


•070 


26 


•438 


•899 


•488 


D 


•087 


•996 


•087 


27 


•454 


•891 


•509 


6 


•105 


•99s 


•105 


28 


•469 


•883 


•532 


7 


•122 


•992 


•123 


29 


•484 


•875 


•554 


8 


•140 


•990 


•141 


30 


•500 


•866 


•577 


9 


•156 


•988 


•159 


31 


•515 


•857 


•601 


lO 


•174 


•985 


•176 


32 


•530 


•848 


•625 


II 


•191 


•982 


•194 


33 


•544 


•838 


•649 


12 


•208 


•978 


•212 


34 


•559 


•829 


•674 


13 


•225 


•974 


•231 


35 


•574 


•819 


•70c 


14 


•242 


•970 


•256 


36 


•588 


•809 


•726 


15 


•259 


•966 


•268 


37 


•602 


•798 


•754 


i6 


•276 


•961 


•287 


38 


•616 


•788 


•781 


17 


•292 


•956 


•305 


39 


•629 


•777 


•809 


i8 


•309 


•951 


•325 


40 


'643 


•766 


•839 


19 


•326 


•945 


•344 


41 


•656 


•754 


•869 


20 


•342 


•940 


•364 


42 


•669 


•743 


•900 


21 


•359 


•934 


•384 


43 


•682 


•731 


•932 



_J 
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Table 


OF Natural Sinks, Etc. — continued. 


Angle in 
Degrees. 


Sine. 


Cosine. 
•719 


Tangent. 


Angle in 
Degrees. 


Sine. 


Cosine. 


Tangent. 


44 


•695 


•966 


68 


•927 


•374 


2*475 


45 


•707 


•707 


I' 000 


69 


•934 


•358 


2*605 


46 


•719 


•695 


1-035 


70 


•939 


•342 


2*747 


47 


•731 


•682 


1*072 


71 


•945 


•326 


2 904 


48 


•743 


•669 


I* III 


72 


•951 


•309 


3*077 


49 


•755 


•656 


1-150 


73 


*956 


'292 


3*271 


50 


•766 


•643 


1*192 


74 


•961 


•276 


•3 * 487 


51 


•777 


•629 


1*235 


75 


-966 


•259 


3732 


52 


•788 


•616 


1*280 


76 


-970 


-242 


4-011 


53 


•799 


•602 


1-327 


77 


•974 


•225 


4*332 


54 


•809 


•588 


1-376 


78 


•978 


-208 


4*705 


55 


•819 


•574 


1-428 


79 


-981 


•191 


5 -145 


56 


•829 


•559 


1-482 


80 


•985 


•174 


5*671 


57 


•839 


•545 


1*540 


81 


-988 


•156 


6314 


58 


•848 


•530 


I -600 


82 


•990 


'139 


7*115 


59 


•857 


•515 


1-664 


83 


•992 


•122 


8-144 


60 


•866 


•500 


1-732 


84 


•994 


•105 


9*514 


61 


•875 


•484 


1-804 


85 


•996 


-087 


"•43 


62 


•883 


•469 


I -880 


86 


•997 


-070 


14*30 


63 


•891 


•454 


1-963 


87 


-998 


-052 


19-08 


64 


•899 


•438 


2-050 


88 


•999 


•035 


28-64 


65 


•906 


•422 


2-144 


89 


•999 


-017 


57*29 


66 

• 


•913 


•407 


2*246 


90 


I- 000 


•000 


Infinite 


67 


•920 


•391 


2*356 
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INDEX. 



Absolute C.G.S. unit of current, 
144 

— system of units, 28 

— tangent galvanometer^ 145 

— miits, 28 
Acceleration, 37 
Activity, 40 

Alloys used in making resistances, 

292 
Alternating current power, 320, 321 
transformers, 253 

— -^ distribution by, 259 

— currents, 232 

addition of, 239 

Alternator armature winding, 361 
Alternators, 361 

Ammeter, Evershed, 313 

— Nalder, 314 

— Thomson, 311 

Ampere balance, Kelvin, 304 

— definition of the, 115, 117 
Ampere-hour, capacity of secondary 

cells, 382 

— efficiency, 377 

— meters, 329 
Angular momentum, 42 

conservation of, 42 

Apparent watts, 329 
Arbitrary units, 28 

Armaure core, resultant field 
through, 359 

— Gramme, 351 

— reaction, explanation of, 357 
Astatic needles, 83 

Attraction of soft iron rod by sole- 
noid, 207 



Ballistic constaaty 161 

— galvanometer, 157 

Batteries, primary and secondary, 

367 
Battery solution, 10 

Birmingham wire gauge, 107 

Bidwell, Mr., experiments on lifting 

power of magnets by, 200 
Bismuth, increase of resistance of, 

in a magnetic field, 222 
Board of Trade specification for the 

determination of the ampere, 124 
Bombouze's electromotor, 209 

C.G.S. system, the, 35 
Calomel cell, the, 93 

temperature variation of, 99 

Cardew voltmeter, 308 
Cells, standard, 93 
Centimetre, the, 33 
Chemical actions taking place in 
primary and secondary cells, 38S 

— reaction in a secondary cell, 380 
Circuit, electric, 80 

— magnetic, 55 
Circuital quantities, 55> ^3 

Clark cell, Board of Trade form of, 

94 
temperature variation of, 99 

— standard cell, manufacture of, 95 
Clock diagram of alternating cur* 

rents, 235 
Closed circuit transformers, 254 
Coercivity, magnetic, 15 
Coercive force, 16 

— power, 16 
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Commutator, 343 

Condenser in an induction coil, the 

action of a, 267 
Conductors cutting magnetic flux, 

168 
Conservation of energy, 26 
Copper loss in transformers, 256 

— resi-tivity of, 129 

— wire sizes, 107 
Couple, 41, 46 

Critical temperature, magnetic, 223 
Current carrying capacity of wires, 

293 

— equation, the, 246 

Currents, electric, 79, 80 

Definition of the practical electric 

units, 123 
Delineation of lines of magnetic 

force by steel filings, 47 
Derivei units, 36 
Design of transformers, 263 
Diamagnetic body in a magnetic 
field, 66 

— bodies, 8 

Direction of a magnetic field, 45 
Dissipation of energy, 27 
Drum armature winding, 353 
Dry cell, 387 
Dynamics^ 30 
Dynamo, the, 341 

— efficiency, measurement of. 363 

— modern two-pole, 349 

— principle of, 342 

— shunt, series and compound 

wound, 348 

— the inductor, 345 
Dynamos, classification of, 346 
Dyne, definition of the, 38 

Edison, old form dynamo machine, 

214 
Efficiency curve of transformer, 258 
Electric current energy, 339 
-^ currents, 79 
production of, 82 

— inertia, 81 

— measuring instruments, 270 

— power, measurement of, in case 

of continuous currents, 325 



Electric power, measurement of, in 
case of inductive circuits, 
326 

— resistivity, table of, 127 

— units, practical names of, 122 
Electrical power, measurement of, 

3I9» 325 
Electrochemical equivalents, 118 

— series, 90 
Electrode, 116 

Electrodynamometer, Siemens, 303 
Electrolysis, 115 

— Faraday's law of, 371 

— theory of, 368 
Electrolyte, 90 
Electrolytic cell, 372 
Electromagnet, 14, 177, 194 

— workshop form of, 15 
Electromagnets, calculation of the 

magnetomotive force required 
for excitation of various forms 
of, 196 

— lifting power of, 198 

— various forms of, 211 
Electromagnetism, 9 
Electromagnetic induction, 147 

— medium, 67 

Electromotive force, 68, 79, 80 
set up in conductor moving 

in a magnetic" field, 171 
Electrostatic voltmeter, 315 
Energy, 23 

— conservation of, 26 

— dissipation of, 27 

— transformation of, 26 

— various forms of, 24 
Equal masses, definition of, 31 
Erg, the, 40 

Error curve of voltmeter, 302 

Ether, the, 67 

Evershed ammeter, 113 

Ewing, magnetic theory, 229 

Exploring ntedle, 6 

held in field of large magnet, 

51 



Faraday's disk, 170 

— discovery of electromagnetic in- 

duction, 147 

— law of induction, 162 
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Ferranti, continuous current ampere- 
hour meter, 334 
Ferromagnetic bodies, 7 
Field of magnet explored by small 
needle, 51 

— magnets, various forms of, 215 

— strength of an electromagnet, 

measurement of, 218 
Floating ring coiJ, 164 
Flux and foirce, 54 

— density, magnetic, 56 

— lines, 54 
Foot-pound, the, 40 
Force, 30 

— definition of, 30 

— measurement of, 38 
Forces, equal, 30 

Form factor of a wave, 237 

Formula for determination of mag- 
netic flux density from lifting 
power, 206 

Fundamental units, 29 

Table of, 43 

Fuze wire, Mr. Preece's Table for 
sizes of, 298 

Galvanometer, construction of, 

85 
Galvanometers, 275 

Gauss, the, 69 

Gaussage, 69 (see Preface) 

Gaussivity, 69 (see Preface) 

Gilbert, Dr., 3 

Gramme, the, 35 

Gramme ring armature, the, 351, 352 

theory of the, 352 

Gravity, acceleration of, 39 

Hand rule, 173. i74 

Harmonic curves, 237 

Heat, mechanical ecjuivalent of, 

41 
Heaviside, Oliver, Mr., 75 

Helmholtz's equation for electro- 
motive force of voltaic cell, 3 )i 
Henry, the definition of, i6a 
Holden galvanometer, the, 279 
Hopkinson's dynamo test, 365 
Horse-power, the, 40 
Hysteresis curves, 184, 186 

— definition of, 185 



Hysteresis in iron in a rotating field, 
230 

— loops of steels for various pur- 

poses, forms of, 193 

— variation with temperature, 225 
Hysteretic constants, 190 

Impedance, 250 

Induced currents, direction of, 166 

— electric currents, 161 

— electromotive force, rule for di 
rection of, 173 

Inductance, 241 

— of an electromagnet, 244 

— of looped circuit, experiments 

showing the, 243 
Induction, 56 

— coil, the, 266 

— density, 56 

— Faraday's law of, 162 

— magnetic, 18 

— ofa current by a magnet, 104, 148 
Intensity of magnetisation, 73 

Ion, 117 

Irrational units, 71 

Joule, definition of the, 41 
Joule's electromagnets, 212 

Kapp, Mr., 204 

— transformer, 264 
Kelvin, ampere balance, 304 

— electrostatic voltmeter, 315 

— equation for electromotive force 

of voltaic cell, 390 

— galvanometer, the, 276 

— ; multicellular voltmeter, 316 
Kilogramme, the, 35 
Kilometre, the, 33 
Kilowatt, the, 40 

Lag of current behind electromotive 
force in an inductive circuit, 2s i 

Law of induced electromotive force 
172 ' 

Lead grid of secondary cell, 379 . 
Lifting power of electromagnets 

198, 203 
Lodestone, i 

— earliest mention of in English, 
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Lodestone, polarity of, 3 

— properties of, 3 

lines of magnetic force, 47 

flux, 48, 52, 62 

Litre, the, 34 

Magnbts, I 

— effect of breaking, 20 

— molecular, 21 

— moment of a, 45 

— permanent, 5 

— steel, 19 

— structure of, 20 

Magnetic and magnetised bodies, 

— coercivity, 16 

— circuit, 55 

— couple, 45, 46 

— equations, 74 

— field, 45 

direction of, 45 

of straight current, 14 1 

strength of, 46 

— flux, 45, 53, 54 

density, 50, 60, 62 

in interior of long straight 

solenoid, 159 
in centre of straight solenoid, 

110 
measurement of, by ballistic 

galvanometer, 153, 156 
round a current, 106, 109, 

24s 

— force, 19, 44 

line of, 47 

— forces acting on small needle in 

field of large magnet, 50 

— induction, 18 

— length of a magnet, 45 

— polarity, law of, 4 

— pole, a unit, 44 

repulsion and attraction of, 4 

— poles, 4, 63 

— properties of lodestone, 2 
effect of heat on, 223 

7- quantities, relati*^ n between the 
fundamental, 61 

— reluctivity, 57 

— retentivity, 15 
Magnetisation curves, 177, 178 
at various temperatures, 222 



Magnetisation, effect of, upon ai- 

mensions of bars, 226 
Magnetism, - molecular theory of, 

222 
Magnetite, I, 2 

— occurrence of, 2 
Magneto-electric currents, 103 

— electromotive force, 103 
Magnetometer, simple form of, 7 
Majinetomotive force, 58 

— intensity, 59, 69 
Manganese steel, Hadfield's, 8 
Mass, 30 

Masses, equal, definition of, 31 
Measurement, 23 

— of power taken up in an induc- 

tive circuit,''327 

— of earth's magnetic field. Appen- 

dix 

— of magnetic flux, 67 

— physical, 28 
Measuring instruments, 270 
Matthiessen's standard of resistivity, 

129 
Metre, the standard, 3a 
Metric prefixes, 32 

— system, 31 
Microgauss, the, 69 

Mirror galvanometer, simple form 

of, 86 
Mnemonic rule for Ohm's law, 133 
Molecular magnets, 21, 227 

— theory of magnetism, 227 
Moment of a force, 42 

— of a magnet, 45 

— of inertia, 37, 42 
Momentum, 37 
Motion, first law of, 38 
Mordey transformer, 264 
Multicellular voltmeter, 316 

vertical pattern, 318 

Mutual inductance, 168 

Needle, exploring, 6 
Neutral temperature, thermo-elec- 
tric, loi 
Nickel-steel, 9 

Ohm, the, definition of, 122 

Ohm's law, 130, 132 

experimental proof of, 134 
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Paramagnktic bodies, 8 

^^ body in a magnetic field, 65 

Permanent delineation of lines of 

magnetic flux, 48 
^- magnetism, 18 
^ magnets, 5 

preservation of, 5 

Permeance, 60 
Permeameters, 204 
Permeability, 60 

— curves, 182 

— magnetic effect of heat on, 225 
Peroxide plate in secondary cell, 

379 

Physical measurement, 28 

Plants secondary cell, 373 
Plug resistances, 286 
Polar diagram of alternating cur- 
rent, 335 ^ ^ ^ ^ 
Polarisation of electrodes, 369 

— of platinum plates, 373 
Polarity of lodestone, 3 

— of solenoid, 12 

Post Ofl&ce Wheatstone bridge, 288 
Potential difference, 131 
Potentiometer, the, 271 
Power, 40 

— factor, 329 

— the unit of, 40 
Practical electric units, 121 
Preece's fuze table, 298 
Primary batteries, cost of electric 

energy from, 386 

— cells, 383 



Radian, 36 

Rational magnetic pole, 75 

— units, Heaviside*s, 71 
Reactance, 250 

Reaction in secondary cell, 380 
Relation of current and electro- 
motive force in an inductive 
circuit, 247 

— between magnetic flux and elec- 
tric currents, 89 

Relations of magnetic flux, mag- 
netomotive force and reluctance, 

61 

Reluctance, 57 

— and reluctivity, 59 



Reluctivity, 57 
Resistance, So, I2t 

— coil, standard, 289 

— coils, wire for making, 289 

— measurement of, 280 
Resistances, alloys used for making, 

292 

— arranged in series or parallel, 

291 

— measured by fall of potential, 

281 

— plug, 286 
Resistivity, 121 

— of alloys, 128 

— of metals, 127 
Retentivity, magnetic, 15 

— of soft iron, experiment to show, 

Rotation of a magnetic pole round 
a current, 143 

— of a coil in magnetic field. 

Rule as to algebraic sign of rota- 
tion, 149 

Scalar quantities, 239 
Schallenberger meter, 331 
Secondary ceU, 373 
arrangement of plates in a, 

375 

— cells, comparing values of, 381 
Sidereal day, 35 

Siemens' electrodynamometer, 303 
Sine curves, 237 

— cosine and tangent curves, 238 
Silver voltameter, directions for 

using, 124 

Simple two-coil tangent galvano- 
meter, 113 
Solar day, mean, 36 
Solenoid, 12, 13 

— poles of, 12 
Space, 27 

Sparking distances for various po- 
tentials, 269 
Spiral current, polarity of, 10 
Stages of magnetisation, 228 
Standard cells, 93 

— magnetic flux, in 

— metre, 32 

— wire gauge, 107 
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Standardisation of a tangent gal- 
vanometer, 119 

— of a voltmeter, 301 
Steel, composition of, 181 

— and iron, magnetisation curves 

of, 180 
Steinmetz's law, 188 

— carve, 189 

System of C.G.S. units, 35 

Table of electrochemical eqni- 
vaVnts, 118 

— of hysteresis losses in iron at vari- 

ous maximum flux densities,l9i 

— of rational and irrational units, 

77 

— of wire gauges, 107 

Tables of resistivity, 127, 128 
Tangent g^alvanometer, construction 

of; III 

Terrestrial magnetic couple, 47 

field, measurement of, see 

Appendix 
Thermo-electric couple, 100 
Thermo-electromotive force, loi 
Thermopile, 102 
Thompson, S. P., Prof., 204 
Thomson ammeter, 31 1 

— effect, 102 

— recording wattmeter, 335 
Time, 27 

Torque, 41, 46 

Transformers, alternating current, 

253 

— design of, 263 

— in parallel, 260 

— in series, 262 
Transformation ratio of transformer, 

257 
True watts, 329 

Unit magnetic pole, 45 

— of current, absolute, 144 

— of electromotive force, definition 

of, 172 



Unit of inductance, the, 243 

— of length, the, 29 

— of magnetic flux, 155 

— of mass, the, 29 

— of time, 29 
Units, 23 

— derived, 36 

— fundamental, 29 

— practical electric, 121 

— rational and irrational, 71, 77 

Vector quantities, 239 
Velocity, 36 

— curve, 152 

Volt, the definition of the, 122 

— -box for the potentiometer, the, 

273 

Voltaic cell, 82 

— couple, 90 

Watt, the, 40 

Watt-hour capacity of secondary 

cells, 382 
efficiency, 377 

— meters, 329 

Wattmeter, Thomson recording, 

336 

Wave diagram of alternating cur- 
rents, 233 

Weber, the, 69 

definition of, 155 

Weight capacity of secondary cell, 
382 

Weston, ammeter and voltmeter, 
299 

Wheatstone's bridge for measuring 
electrical resistance, 283 

theory of, 284 

Wire gauges, I07 

Work, 25 

— Board of Trade unit of, 40 

— British unit of, 40 

— definition of, 39 

— unit of, 40 
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Prevention. By J. Newman, 38 lUus., xii + 374 pp., 
crown 8vo. (1896.) los. 6d. net. 

ScQmi>lng Tricks and Odd Knoifi^ledge occasionally^ prac- 
tised upon Putlic Works. By J, Newman.. New imp;, 
T29 pp., crown Svo. (1908.) 2s. 6d. net. • 

Co-ordinate Geometry applied to Land Surveying. By W. 
Pilkington. 5 illus.,.44 pp., i2mo. (1909\ is,6d, net. 

Pioneering. By F. Shelford. 14 lUus., 88 pp., crown 
8vo. (1909.) 3s, net. , 

Surveying and Levelling Instruments. Theoretically and 
practically described; By W. F. Stanley .< Rievised by 
H. T. Tallack. . Fourth.ed, 433 illus., 606 pp. (1914.) 
ys.6d.net. Postage: inland,, 5^.; a,broad, xod. 

Logarithmic Land Measurement. By J. Wallace. 32 pp., 
royal 8vo, (1910.) 5s. net. 

The Drainage, of Fens and Low Xands by Graviiatioh and 
Steam Power. By W. H. Wheeler. 8 plates, 175 pp., 8vo, 
(1888.) 125. 6d. net. > . 

Handbook on Tacheometrical jS^urveying. By G, Jlydis* 

55 iilus., 3 plates, .63 pp., 8vo. . (1909.) 6s. n^t*.- 

CURVE TABLES 

Tables of Parabolic Curves for the use of Railway Engineers, 
and others. By G. T. Allen. Fcap. i6mo. 45. net. 

Grace's Tables fot Curves, witb'hiiitf to young engineers. 
8 figures, 43 pp., oblong 8vo. (1908.) 5s. net. 

Data relating to Railway Curves and Super-elevations, 

shown graphically. By J. H. Haiste. On folding card for 
pocket use. 6d. net. ... 

Tables for setting-out Railway Curves. By C. P; Hogg. 

. A series of cards in neat cloth ca^e. 5s. net. • ^ 

Tables for setting out Curves for Railways, Roads, Canals, 
etc. By A. Kennedy and R. W. Hackwood. 32mo. 

2S,.6d. net. . • .....,►, v 

Tables for Setting out Curves from .101 to 5,000 feet radius. 
By H. A. Cutler and F. J. Edge. Royal 32mo. .2$. ^d, 
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and French Languages. By D. Carlos Huelin Y Arssu. 

Crown 8vo. 
Vol. I. English-Spanish-German-Fwench. 609 pp. 

(1906.) I2S. 6d, net, 
Vol. II. German-English-French-Spanish. 720 pp. 

(1908,) 12s. bd, net. 
Vol. III. French-German-Spanish-English; In pre- 

faraiion. 
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(1910,) I2S. (d. net. 
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mercial Terms. By W. Jaclcson. 164 pp., fcap. 8vo. 
(1911,) 25. 6d, net. 
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Motor-Car, Cycle and Boat. By F. Lucas. 171 pp., 
crown 8vo. \1915,) 2s. 6d. net. 

Spanish -English Dictionary of Mining Terms. By F. 
Lucas. 78 pp., 8vo. (1905,) 5s. net. 

English -Russian and Russian-English Engineering Dic- 
tionary. By L. M^diar. 100 pp., i6mo. (1909.) 
2S, 6d, net. 



DOMESTIC ECONOMY 

Food Adulteration and its Detection. By J. P. Battershall. 
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The Cooking Range, its Failings and Remedies. By F. Dye. 
52 pp., fcap. 8vo, sewed. (1888,) 6d, net. 

Spices and How to Know Them. By W. M. Gibbs. With 
47 plates, including 14 in colours, 179 pp., 8vo. (New York, 
1909,) 155. net. 

The Kitchen Boiler and Water Pipes. By H. Grimshaw. 

8vo, sewed. (1887,) is, net. 

Soons* Household Manual. 250 illus., 1,043 pp., demv 8vo, 
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Impression. Oblong i2mo, sewed. 6d. net. 

A System of Easy Lettering. By J. H. Cromwell. Twelfth 
edition, 39 plates, oblong 8vo. {Ne^w York, 1912,) 2s. 6d, 
net. 

Key to the Theory and Methods of Linear Perspective. 
By C. W. Dymond, F.S.A. 6 plates, 32 pp., crown 8vo. 
(S. & C. Series, No. 20.) (1910,) is. bd. net. 

Plane Geometrical Drawing. !By R. C. Fawdry. Illus- 
trated, 185 pp., crown 8vo. {1901, ) 3s. net. 

Hints on Architectural Draughtsmanship. By G. W. T. 
Hallatt. Fifth ed., 80 pp., fcap. 8vo. {1917,) is. 6^. net. 

A' First Course of Mechanical Drawing (Tracing). . By 6. 
Halliday. Oblong 4to, sewed. 2s. net. 

Guide to Draughtsmanship. By W. Horace Smith. 40 

illus. including 19 plates, viii + 98 pp., cr. 8vo. {1917.) 
2S. 6d. net. Postage 4^. 

Drawings for Medium-sized Repetition Work. By.R. D. 
Spinney. 47 illus., 130 pp., 8vo. {1909,) 3s. 6d, net. 

Mathematical Drawing Instruments. By W. F. Stanley. 

Seventh ed., 265 illus., 370 pp., or. 8vo. {1900:) 5s. net. 
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Tables for facilitating the Calculation of Earthworks. 
By D. Cunningham. 120 pp., royal 8vo. los. 6i. net. 

Grace's Earthwork Tables. 36 double-page tables, 4to. 
I2S. 6d, net. 

Tables for Computing the Contents of Earthwork in the 

Cuttings and Embankments of Railways. By W. Mac- 
gregor. i plate, 59 pp., royal 8vo. 6s. net. 

Earthwork Slips and Subsidences on Public Works. By 
J. Newman. 240 pp., crown 8vo. {1890.) ys. 6d. 
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TeBting Telegraph Cables. By Colonel V. Hoekicer . Third 
edition, ii illus., viii + 75 pp.» crown 8vo. (1889.) 4s. 6d. 
net. 

Long Distance Electric Power Transmission. By R. W. 
Hutchinson. 136 illus., 345 pp., crown 8vo. {New York, 
1907.) 14s. net. 

Theory and Practice of Electric Wiring. By W. S. Ibbetson. 

119 illus., 366 pp., crown 8vo. (1914.) 35. 6d. net. 

Practical Electrical Engineering for Elementary Students. 
By W. S. Ibbetson* 6(i illus., 155 pp., crown 8vo. (1914.) 
25. 6d. net. 

Form of Model General Conditions, recommended for use 
in connection with Contracts for Electrical Works. Issued 
by the Institution of Electrical Engineers. F'cap, 
19 pp. Revised April, 1914. yd. net. 

Telegraphy for Beginners. By W. H. Jones. 19 illus., 
58 pp., crown 8vo. Second ed. {New York, 1913.) 2$. 6d. net. 

'A Handbook of Electrical Testing. By H. R. Kempe. 

Seventh ed., 285 illus., 706 pp., 8vo. {1908.) 21s. net. 

Electrical Engineering Practice. By J. W. Meares. 

• Assisted by R. E. Neale. Third Edition. 86 illus., xxii 
+ 642 pp. 8vo. {1917.) 25s. net. Postage : Inland, 6d. ; 
Abroad, is. 

Practical Electrics : a Universal Handybook on Every Day 
Electrical Matters. Ninth ed., 126 illus., 135 pp., 8vo. (S. & C. 
Series, No. 13.) {New York, 1909.) is. 6d. net. 

Wiring Housesfor the Electric Light. By N. H. Schneider. 

40 illus., 85 pp., crown 8vo. (S. & C. Series, No. 25.) (New 
. York, 1911.) IS. 6d. net. 

Induction Coils. By N. H. Schneider. Second ed., 79 
illus., 285 pp., crown 8vo. {New York, 1909.) 5s. net. 

E;xpeHmenting with Induction Coils. By N. H. Schneider. 

26 illus., 73 pp., crown 8vo. (S. & C. Series, No. 5.) {New 
York, 1911.) IS. 6d. net. 

How to Install Electric Bells, Annunciators and Alarms. 
By N. H. Schneider. Second ed. 70 illus., 83 pp., crown 
8vo. (S. & C. Series, No. 2.) {New York, 1916.) is. 6d. net. 



i 



ELECTRICAL ENGINEERING 13 

Modern Primary Batteries^ their construction, use and main-^ 
tenance. By N, H. Schneider. 54 illus., 94 pp., crown 
8vo. (S. & C. Series, No. i.) {New York, 1910:) is. 6rf. net. 

Practical Engineers' Handbook on the Care and Manage- 
ment of Electric Power Plants. By N. H. Schneider. 

203 illus., 274 pp., crown 8vo. {New York, 1906.) 6s. net. 

Electrical Circuits and Diagrams, illustrated and explained. 

By N. H. Schneider. Svo. (S. & C. Series, Nos.' 3 and 4.) 

Part I. Second edition 217 illus., 72 pp. {New York, 

1914.) IS. (d. net. 
Part 2. 73 pp. Seccmd ed. {New York, 1911.) u. 6d. net. 

Electrical Instruments and Testing. By N. H. Schneider 
and J. Hargraye. Fourth edition, 133 illus., xxiv + 256 
pp., cr. 8vo. {New York, 1913.) 55. net. 

Study of Electricity for Beginners. By N. H. Schneider. 

'54i]lus., 88 pp., crown 8vo. (S. & C. Series, No.' 6.) {New 
York, 1910.) IS. 6d. net. 

Wiring Houses for the Electric Light : Low Voltage Battery 
Systems. 44 illus.> 86 pp., crown 8yo. (S. & C. S^gRjES, No. 
25.) {New York, 1911.) is. 6d. net. 

Low Voltage Electric Lighting with the Storage fiattery. 
By N. H. Schneider. 23 illus., 85 pp., crown 8vo. .(S. & 
C. Series, No. 26.) {New York, 1911.) is. (d. net. 

Dry Batteries : how to Make and Use them. By N. H. 
Schneider* 30 illus., 59 pp., crown 8vo. (S. & C. Series, 
No. 7.) {New York, 1910.) is. 6d. net. 

The Diseases of Electrical Machinery. By E. Schiilz. 
Edited, with a Preface, by Prof. S. P. Thompson. 42 

illus., 84 pp., cr. 8vo. (S. & C. Series, No. 38.) {1917.) 
IS. 6d. net. 

Practical and Experimental Wireless Telegraphy. By 
W. J. Shaw. 42 illus., 102 pp., cr. 8vo, {1914.) 3s, (d. 
net. Post free, 3s. lod. 

Spons* Electrical Pocket Book. By W. H. Molesworth. 

i6mo, 325 Illus., 490 pp. {1916). ys:6d. net. Postage 5^. 

Electricity : its Theory, Sources and Applications. By J. T*' 
Spragne. Third edition, J09 illus., 658 pp., crown 8vo. 
{1892.) 7s. 6d. net. 
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A Chronology of Inland Navigation in Great Britain. By 
H, R. De Sails. Crown 8vo. {1897.) 55. net. 

A History of Electric Telegraphy to the year 1837. By J. 
J. Fahie. 35 illus., 542 pp., crown Svo. (1889.) gs. net. 

Life as an Engineer : its Lights, Shades, and. Prospects. By 
J. W. C. Haldane. New edition, 23 plates, 390 pp., crown 
Svo. (1910.) 5$. net. 

A Cornish Giant. Richard Trevithick, the father of the Loco- 
motive Engine. By E. K. Harper. 12 illus.^ including 2 
plates, 60 pp., Svo. sewed. (1913.) is. net. 

The Curse of Socialism. By Sir G. L. Molesworth. 172 

pp., cr. Svo. sewed. (1918.) 2s. net. ' 

The Development of the Mercurial Air Pump. By Prof. 
S.P.Thompson. 43illus., 37 pp., royal Svo, sewed. (1888.) 
IS. 6d. net. 

HOROLOGY 

Watch and Clock Maker^s Handbook, Dictionary and 
Guide. By F. J. Britten. Eleventh edition, 450 illiis., 
492 pp., crown Svo. (1917.) 6s. net. 

Prize Essay on the Balance Spring and its Isochronal Adjust- 
ments. By M. Immisch. 7 illus., 50 pp^ crown Svo. 
(1872.) 2s. 6d, net. 

HYDRAULICS AND HYDRAULIC 

MACHINERY 

(5^ also Irrigation and Viot^v Supply.) 
Hydraulic Flow Reviewed. By A. A. Barnes. With 
Frontispiece and 11 Folding Plates. 15S pp., Svo. (1916.) 
I2S. 6d. net. Postage : inland, ^d, ; abroad, grf. 

Hydraulics WithWoridng Tables. By E. S. BdUia^s. 

Secotod edition, 160 illus.,. xii+ 311 pp., Svo. (1911.) 12s. net. 

Pumps : Historically, Theoretically and Practically Considered. 
By P.^ R. Bjorlin^. Second edition, 156 illus., 234 pp., 
crown Svo. (1895^ ys. 6^. net. 

Pump Details* By P. R. Bjdrliog. 27S illus., 211 pp., 

crown Svo. (1892.) 7s, 6d. net 
Pumps and Pump Motors i A Manual for the use of Hydraulic 

Engineers. By P. R, Bj5rling. Two vols., 261 plates, 

309 pp., royal 4to. (1895.) £1 los. net. 
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Practical Handbook on Pump Construction. By P. R. 

Bjdrling. Second ed., new imp., 9 plates, viii +86 pp., or. 

8vo. (1912.) 3s.6ii.net. 
Water or Hydraulic Motors. By P. R. Bjorling. 206 illus.. 

287 pp., crown 8vo. (1903.) 9s. net. 
Hydraulic Machinery, with an Introduction to Hydraulics. 

By R. G. Blaine. Third edition, 307 illus., 468 pp., 8vo. 

(FiNSBURY Technical Manual.) {1913.) 12s. 6d. net. 

Practical Hydraulics. By T. Box.. Fifteenth edition, 8 
plates, 88 pp., crown 8vo. {1913,) 5s. net. 

Pumping and Water Power. By F. A. Bradley. 51 illus., 

vii + 118 pp., demy 8vo. ' [1912,) 5s. net. 
Pumps and Pumping Machinery. By F. Colyer. 

Vol. I. Second edition, 53 plates, 212 pp., 8vo. [1892,) 
los. (d, net. 

Vol. II. Second edition, 48 plates, 169 pp., .8vo. 
(1900,) 10s, 6d, net. 
Construction of Horizontal and Vertical Water-wheels. By 
W. Cullen. Second edition, 12 plates, 4to. (1871) 5s. net. 

Hydraulic and Other Tables for purposes of Sewerage and 
Water Supply. By T. Hennell. Third edition, .70 pp., 
crown 8vo. (1908.) 4s. 6d. net. 

Tables for Calculating the Discharge of Water in Pipes. 
By A. E. Silk. 63 pp., crown 8vo. (1914.) 3s. 6d. net. 

A B G of Hydrodynamics. By Lieut.-Col. R. de Villamil. 

48 illus., xi + 135 pp., demy 8vo. (1912.) 7s. 6d. net. 

Motion of Liquids. By Lieut.-Col. R. de Villamil. 8vo, 
xiv + 210 pp., 86 illus., 30 tables. (1914.) ys. 6d, net. 
Postage : inland, ^d. ; abroad, 8d. 
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MANUFACTURES 

Transactions of the American Institute of Chemical En- 
gineers. Issued annually. 305. net. per volume. 

Perfumes and Cosmetics. By G. W^ Askinson. 8vo, 32 
illus., 344 pp. Fourth ed. (New York, 1916.) 21s. net. 
Postage : inland, 5^. ; abroad, 10^. 

Brewing Calculations, Gauging and Tabulation. By C. H. 
Bater. 340 pp., 64mo, roan, gilt edges. (1914.) is.6d,ntt. 
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INTERNAL COMBUSTION ENGINES 

Electrical Ignition for Internal Combustion Engines. By M. 
A. Godd. 109 illus., 163 pp., crown 8vo. (1911.) 55. net. 

Design and Construction of Oil Engines. By A. H. Gold- 
ingham. Fourth edition, 137 illus., 299 pp. (New York, 
1914.) ios.6rf.net. Postage: inland, 5^. ; abroad, lod. 

Diesel Engines, Marine and Stationary. By A* H. Golding- 

ham. 136 illus., 206 pp., 8vo. (^1915.) 12s. 6d. net. 
Postage : inland, $d. ; abroad, lorf. 

Gas Engine in Principle and Practice. By A. H. Golding- 
ham. New impression, 107 illus,, 195 pp., 8vo. (New 
York, 1912.) 7s. net. 

The Petrol Engine. By F. J. Kean. 71 Illus., 140 pp., 8vo, 
(1918.) 45. net. Postage, inland. 4^. ; abroad, 6d. 

Aeronautical Engines. By F. J. Kean. 78 illus., 31 plates, 
98 pp., demy 8vo. (1918,) 6s. net. Postage, inland, 5^. ; 
abroad, yd. 

Practical Handbook on the Care and Management of 
Gas Engines. By G. Lieckfeld. Third edition, square 
i6mo. (New York, 1906.) 4s. net. 

How to Build a Three -horse Power Launch Engine. By 
E. W. Roberts. 14 plates, 66 pp., folio, (New York, 1901.) 
izs, net. 

IRRIGATION 

Irrigation Works. By E. S. Bellasis. 37 illus., viii + 174 
pp», 8vo. (1913.) los. 6d. net. 

Irrigation Pocket Book. By R. B. Buckley. Second 
edition. 80 illus., viii + 483 pp., or. 8vo, leather cloth. 
(1913.) 15s.net. Postage, 4^. . . 

The Design of Channels for Irrigation and Drainage. By 
R. B. Buckley. 22 diagrams, 56 pp., crown 8vo. (1911.) 
2s. net'. 

The Irrigation Works of India . By R . B . Buckley j Second 
edition, with coloured maps and plans. 336 pp., 4!^©, cloth. 
(1905.) £2 2s. net. 

Irrigated India. By Hon. Alfred Deakin. With IVlap, 322 
pp., 8vo. (1893.) 8s. 6d. net. 
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Indian Storage Reservoirs* with Earthen Dams. B^ W.L. 

Strange. Second ed., i6 plates, 59 illus., xxiv + 442 pp., 

8vo. (1913.) 21S. net. 
The Irrigation of Mesopotamia. By Sir W. WiUcoclcs. 

Second ed. 2 vols., 46 plates, 136 pp. (Text super royal 
8vo, plates folio.) {1917,) 215. net, 
Bgyptian Irrigation. By Sir W. Willcocks and J. I. Craig. 

In 2 Vols. Third edition, 81 plates, 183 illus., 900 pp., 
sup. roy. 8vo. (1913.) 42s. net. 

The Nile Reservoir Dam at Assuan* and After. By Sir 
W. Willcocks. Second edition, 13 plates, 35 pp., super royal 
8vo. (1903.) 3s. net. 

The Assuftn Reservoir and Lake Moeris. By Sir W. Will- 
cocks. With text in English, French and Arabic. 5 
plates, 116 pp., super royal 8vo. (1904.) 3s. net. 

The Nile in 1904. By Sir W. Willcocks. 30 plates, 200 pp. 
super royal 8vo. (1904.) 5s, net. 

LOGARITHM TABLES 

Aldum's Pocket Folding Mathematical Tables. Four- 
figure Logarithms, and Anti-logarithms, Natural Sines, 
Tangents, Cotangents, CosineSi Chords and Radians for all 
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Tables of Seven -figure Logarithms of the Natural Niimbers 
from I to 108,000. By C. Babbage. Stereot)rpe .edition, 
224 pp., medimn 8vo. $s. net. 
Four-Place Tables of Logarithms and Trigonometric 
Functions. By E. V. Huntington. Ninth thousand, 
34 pp., square 8vo, limp buckram, with cut lateral index. 
(New York, 1911.) 35. net- 
Short Logarithmic and other Five Figure Tables. By. Prof. 
W. C. Unwin. Sixth edition, 43 pp., cr. 4to, limp cloth. 
(1917.) IS. 6d. net. 
Logarithmic Land Measurement. By J. Wallace. 32 
pp., royal 8vo. (1910.) 5s. net. 

ABC Five -figure Logarithms with Tables, for Chemists. 
By C. J. Woofdward. Crown 8vo. 3s. net. 

ABC Five-figure Logarithms for general use, with lateral 
index for ready reference. By C. J. Woodward. Second 
edition, with cut lateral Index, 116 pp., I2m0; limp leather. 
35. net. 
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Marine Propellers. By S. W. Barnaby. Fifth edition, 5 
plates, 56 illus., 185 pp., demy 8vo. (1908.) 12s. 6d. net. 

The Suction Caused by Ships and the Olympic-Hawke 
Collision. By E. S. Bellasis. i chart and 5 illus. in 
text, 26 pp., 8vo, sewed. (1912,) is, net. ' 

Yachting Hints, Tables and Memoranda. By A. C. Franklin. 

Waistcoat pocket size, 103 pp., 64mo, roan, gilt edges. 
IS. net. . 

Steamship Coefficients, Speeds and Powers. By C. F. A. 
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Tables for Constructing Ships ' Lines . By A . Hogg . Third 
edition, 3 plates, 20 pp., 8vo, sewed. (1911.) 3s. net. 

Structural Design of Warships. By Prof. W. Hovgaard. 

Super roy. 8vo. With 23 tables, 6 plates; and 186 illus., 
384 pp. (1915), 25s. net. Postage : inland, 6d. ; abroad, 

IS. 2^. 

Modem History of Warships « By Prof. W. Hoygaard. 

Super royal 8vo. (In the Press.) 
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builders, etc. By C. H. Jordan. Sixth edition, 640 pp., 
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net. Postage 4^. 

Particulars of Dry Docks, Wet Docks, Wharves; etc., on the 
River Thames. Compiled by C. H. Jordan. Second 
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Marine Transport of Petroleum. By H. Little. 66 illus., 
' 263 pp., crowti 8vo. (1890.) los. 6di net. 

MATERIALS 

Practical Treatise on the Strength of Materials. By T. 
Box. Fourth edition, 27 plates, 536 pp.,' 8vo. {19C f.) 
I2S. 6d, net^ . • , ; 

Lubricants, Oils and Greases. By 1/ L .Redwood. 3 

plat^, ix + 54 pp., &vo^ {JS98.) , js. aetj; 
Practical Treatise on Mineral Oils and tiieir By-Produ( s. 
By I. I. Redwood. 76 illus., 336 'Pp>».;8vo. (i91 L) 
I2S. 6d. net. 
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SilicQ-CMcareoua Snodstcmes, or Building Stones from 
Quartz, Sand and Lime. .By E. StoflBler, 5 plates, 8vo, 
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MATHEMATICS 

Te3Ct-bopk of Practical SoUd . Geometry, By E. H. de V. 
I ..Atkiiisom Revised by Major B. R. Ward, R.E. Second 

edition, 17 plates^ 134 pp., §vo. {1913.), ys. 6d. net. 
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> {1901.) 2s. 6d. net. 
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MECHANICAL ENGINEERING 

Steam Engines and Boilers, etc. 

The Economical Use of Coal. By J. H. Anderson. 32 p^'*-* 
crown 8vo. sewed. {1916.) is. net. 
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The Mechanical Engineer's Price Book. Edited by G. 
Brooks. 182 pp., pocket size (6J by 3J by J inch). 
Leather cloth with rounded comers. Second ed. (1914,) 
5s, net. Postage ji. 

Safety Valves.. By R. H. Buell. Third edition^ 20 illus., 
100 pp., i8mo, boards. (New York, 1898) 2s. 6d. net. 

Machine Design. By Prof. W. L. Gathcart. 

Part . L Fastenings. 123 illus., 291 pp., demy 8vo. 
(Nfiw York, 1903.) 12s. 6rf, net. 

Chimney Design and Theory. By W. W. Christie. Second 
edition, 54 illus., 192 pp., crOwn 8vo. {New York, 1902,) 
15s. net. 

The Stokers' Catechism. By W. J. Connor. 63 pp., limp. 
(1914.) IS. net. 

Treatise on the. use of Belting for the Transmission of Power. 
By J. H. Cooper. Fifth edition, 94 illus., 399 pp., demy 
8vp. {New York, 1901,) 12s. 6d, net. 

The Steam Engine considered as a Thermo-dynamic 
Machine. By J. H. Cotterill. Third edition, 39 dia- 
grams, 444 pp., 8vo. {1896.) 15s. net. 

Fireman's, Guidi^, ^ Handbook on the Care of Boilers. By 
K. P. Dalilstrom. Eleventh edition, fcap. 8vo. (S. & C. 
. §ERIES, No» 16.) {New York, 1906.) is. 6d. net. 

Gcmimercial Efficiency of Steam Boilers. By A. Hanssen. 

Lai^e 8vo, sewed. {1898.) 6d. net* 

Corliss Engine. By J. T. Henthorn. Third edition, 23 illus., 
95 pp., crown 8vo. (S.&C. Series, No. 23.) {New, York, 
1910.) is: 6d. net. 

Liquid Fuel for Mechanical and Industrial Purposes. By £. A. 
Brayley Hodgetts. ; 106 illup,, 129 pp., 8vo. {1890.) 5& 
net. 



MECHANICAL— METALLURGY 27 

Elementary Text-book on Steam Engines and Boilers. 
By J. H. Kinealy. Fourth edition, io6 illus., 259 pp., 8vo. 
{New York, 1903.) 8s. 6d. net. 

Centrifugal Fans. By J. H. Kinealy. 33 illus., 206 pp., fcap. 
8vo, leather. {New York, 1905.) 12s. 6rf. net. 

Mechanical Draft. By J. H. Kinealy. 27 original tables and 
13 plates, 142 pp., crown 8vo. {New York, 1906.) 9s. net. 

The A B G of the Steam Engine, with a description of the 
Automatic Governor. By J. P. Lisk. 6 plates, 8vo. 
(S. & C. Series, No. 17.) {New York, 1910.) is. 6d. net. 

Valve Setting Record Book. By P. A. Low. 8vo, boards. 
IS. 6d. net. 

Steam Boilers, their Management and Working. By J. 
Peattie. Fifth edition, 33 illus., 230 pp., crown 8vo. 
{1906.) 5s. net. 

Treatise on the Richards Steam Engine Indicator. By 
C. T. Porter. Sixth edition, 3 plates and 73 diagrams, 
285 pp., 8vo. {1902.) 6s. net. 

Power and its Transmission. A Practical Handbook for 
the Factory and Works Manager. By T. A. Smith. 
76 pp., fcap. 8vo. {1910.) 2s. net. 

Slide Valve Simply Explained. By W. J. Tennant. Re- 
vised by J. H. Kinealy. 41 illus., 83 pp., crown 8vo. {New 
York, 1899.) 2$. 6d, net. 

How to run Engines and Boilers. By E. P. Watson. Sixth 
ed., 31 illus., 160 pp., 8vo. {New York, 1913.) 5s. net. 

Position Diagram of Cylinder with Meyer Cut-off. By 
W. H. Weightman. On card. {New York.) is. net. 

Practical Method of Designing Slide Valve Gearing. By 
E. J. Welch. 69 illus, 283 pp., crown 8vo. {1890.) 6s. net. 

Elements of Mechanics. By T. W. Wright. Eighth edition, 
215 illus., 382 pp., 8vo. {New York, 1909.) los. 6d. net. 

METALLURGY 

Brassfounding, Iron and Steel Manufacture 

Life of Railway Axles. By T. Andrews. 8vo, sewed. 
{1895.) is. net. 

Microscopic Internal Flaws in St^el Rails and Propeller 
Shafts. By T. Andrews. 8vo, sewed. {1896.) is. r-*- 
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Microscopic Internal Flaws, Inducing Fracture in Steel. 
By T. Andrews. 8vo, sewed. (1896,) 2S. net. 

Practical Alloying. A compendium of Alloys and Processes 
for Brassfounders, Metal Workers, and Engineers. By 
John F. Buchanan. 41 illus., 205 pp., 8vo. (New York, 
1911,) I2S. net. 

Brassfounders* Alloys. By J. F. Buchanan. 23 illus., 
viii + 129 pp., crown 8vo. {1918,) 5s. net. 

The Moulder's Dictionary (Foundry Nomenclature). By 
J. F. Buchanan. New impression, 26 illus., viii + 225 pp., 
crown 8vo. (1912,) 5s. net. 

Galvanized Iron : its Manufacture and Uses. By J. Da vies. 

139 pp., 8vo. (1914,) 6s, net. 

Management of Steel. By G. Ede. Seventh edition, 216 pp., 
crown 8vo. (1903.) 6s. net. 

Blast Furnace and the Manufacture of Pig Iron. By 
R, Forsythe. Third ed., 67 illus., 368 pp., 8vo. (New 
York, 1913.) 15s. net. 

The Frodair Handbook for Ironfounders, 160 pp., i2mo. 
(1910,) 2S. net. 

Manufacture of Iron and Steel. By H. R. Hearson. 21 

illuB., xii + 103 pp., 8vo. (1912,) 55. net. 

Practical Notes on Pipe Founding. By J. W. Macfarlane. 

15 plates, 148 pp., 8vo. (1888,) 12s, 6d, net. 

The Brass Moulder Illustrated. A practical guide for the 
Apprentice and young Journeyman. By Alex. Purves. 
Cr. 8vo; 85 lUus., 165 pp. (1915.) 3s. net. Postage 3^. 

Metallography Applied to Siderurgic Products. By H. 
Savoia. Translated by R. G. Corbet. 94 illus., 186 pp., 
crown 8vo. (1910,) 5s. net. 

Modern Foundry Practice. By J. Sharp. Second edition, 
new impression, 272 illus., 759 pp., 8vo. (1918,) £1 is, 
net. 

Roll Turning for Sections in Steel and Iron. By A. Spen 
cer. Second edition, 78 plates, 4to. (1894,) £iios. nel 

METRIC TABLES 

Fir^nch Measure and English, Ipjquivalents. By J. Brool^ 

Second ^ition, 80 pp.', fcap. 32mo, roan. i^. net. 
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A Dictionary of Metric and other useful Measures. By 
L. Clark. 113 pp., 8vo. 6s» net. 

English Weights, with their Equivalents in kilogrammes. 
By F. W. A. Logan. 96 pp., fcap. 321x10, roan, is.net. 

Metric Weights with English Equivalents. By H. P. 
McCartney. 84 pp., fcap. 32mo, roan. is. net. 

Decimal Tables. By Sir G. L. Molesworth. 100 pp., 
oblong royal 32mo. [1918.) 2s. net. 

Metric Tables. By Sir G. L. Molesworth. Fourth edition, 
95 PP-» royal 32mo. {1909.) 2s, net. 

Metric -English and English-Metric Lengths. By G. A. 
Rossetti, xii + 80 pp., ob. 32mo. is. net. Giving 
equivalents in millimetres (to five significant figures) of all 
English lengths from ^^^th of an inch to 10 ft., advancing 
by 64ths of an inch; and equivalents to the nearest 64th 
of an inch of all Metric lengths from i to 3,200 millimetres, 
advancing by millimetres. 

Tables for Setting out Curves from 200 metres to 4,000 metres 
by tangential angles. By H. Williamson. 4 illus., 60 pp., 
i8mo. 2S. 6d, net. 

MINERALOGY AND MINING 

Rock Blasting. By G. G, Andre. 12 plates and 56 illus. in 
text, 202 pp., 8vo. {1878.) 5s.net. 

Fire Assaying. By E. W. Bu^kett. 69 illus., X05 pp., crown 
8vo. {New York, 1907.) 5s. net. 

Mineral Resources of Minas Geraes (Brazil). By A. F. 
Calvert, F.C.S., etc. 8vo, 127 full page "* Illus., 100 pp. 
{1915,) 6s. net. Postage: inland, 4^.; abroad, 8^. 

Tin : Describing the Chief Methods of Mining,Dressing, etc. By A. 
G. Gharleton. 15 plates, 83 pp., crown 8vo. {1884.) 12s. 6d. 
net. 

Gold Mining and MUling in Western Australia. By A. G. 
Gharleton. 82 illus. and numerous plans and tables, 648 
pp., super royal 8vo. {1903.) 12s. 6d. net. 

Miners' Geology and Prospectors'* Guide. By G. A. 
Corder. 29 plates, 224pp., crown 8vo. {1914.) 5s. net. 

Blasting of Rock in Mines, Quarries, Tunnels, etc. By 
A. W. and Z. W. Daw. Second edition, 90 illus., 316 pp., 
• demy 8vo. {1909.) 155. net. 
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Our Coal Resources at the End of the NineteentH Century. 
By Prof. E. Hull. 157 pp., demy 8vo. {1897,) 6s. net. 

Hydraulic Gold Miners' Manual. By T. S. G. Kirkpatrick. 

Second edition, 12 illus., 46 pp., crown 8vo. (1897,) 4s. 
net. 

Economic Mining. By C. G. W. Lock. 175 illus., 680 pp., 
8vo. (1896.) los. 6d. net. 

Gold Milling : Principles and Practice. By C. G. W. Lock. 

200 illus., 850 pp., demy 8vo. {1901,) £1 is. net. 

Mining and Ore-Dressing Machinery. By G. G. W. Lock. 

639 illus., 466 pp., super royal 4to. {1890,) £1 5s. net: 

Chemistry, Properties and Tests of Precious Stones. By 
J. Mastin. 114 pp., fcap. i6mo, limp leather, gilt top. 
{191 L) 2s. 6d. net. 

Mining Hand -sketching and Drawing. By F. Mawson. 

47 pp., 20 full-page plates, imp.SvOr {1915), is. ^, net. 
Postage, 3d. 

Practical Handbook for the Working Miner and Prospector, 

and the Mining Investor. By J. A. Miller. 34 illus., 
234 pp., crown 8vo. {1897.) ys, 6d, net. 

Theory and Practice of Centrifugal Ventilating Machines. 
By D. Murgue. 7 illus., 81 pp., 8vo. {1883.) 5s. net. 

Examples of Coal Mining Plant. By JF. Povey-^arper. 

Second edition, 40 plates, 26 in. by 20 in. {1895, ) £4 45. net. 

Examples of Coal Mining Plant, Second Series. By J. 
Povey-Harper. 10 plates, 26 in. by 20 in. {1902.) 
£1 I2S. 6d. net. 

MODELS AND MODEL MAKING 

Theory and Practice of Model Aeroplaning. By V. E. 

Johnson. 61 illus., xvi + 148 pp., crown 8vo. {1910.) 
4$, 6d, net. 

The Model Vaudeville Theatre. By N. H. Schneider. 34 

illus., go pp., crown 8vo. (S. &C. Series, No. 15.) {New 
York, 1910.) IS. 6d, net. 

Model Steam Engine Design. By R. M. de Vignier. 34 

illus., 94" pp., crown 8vo, limp. (S. &. C. Series, No. 9.) 
{New York, 1907.) is, 6d. net. 

Small Engines and Boilers. By E. P. Watson. 33 illus., 
viii + 108 pp., crown 8vo. {New York, 1899.) 6s. net.- 
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MOTOR ENGINEERING 

Motor and Carriage Painting* By A. Bates and C. E. 
Oliver. 164 pp., cr. 8vo. [1915,) 35.net. 

Motors in a Nutshell. By Captain S. Bramley-Moore. 

63 alius., 160 pp., cr. 8vo, boards. {1918.) 2s. net 

Electrical Ignition for Internal Combustion Engines. By M. 
A. Codd. 109 illus., 163 pp., crown 8vo. {1918,) 3s.net. 

The Care and Management of Ignition Accumulators. 
ByH.H.U. Cross. 12 illus., 74 pp., crown 8vo. (S. & C. 
Series, No. 19.) {1910,) is. 6d, net. 

» ■ 

The Petrol Engine. By F. J. Kean. 71 illus., 149 pp., 8vo, 
1915,) 4s. net. Postage : inland, 4rf» • abroad, 6d, 

Drawings for Medium-sized Repetition Work. With 
example of Drawings for Motor Car parts. By R. D. 
Spinney. 47 illus., 130 pp., Svo.' {1909\) 3s,'6d. net. ' 

Motor Body Buildiing in all its branches. By C. W. Terry. 

With additional matter by Arthur Hall. Medium 8vo, 
236 pp., 15 illus., 50 plates. {1914,) 10s, 6d. net. Post- 
age : inland, ^d, ; abroad, lod, 

ORGANIZATION 

Accounts, Contracts and Management 

Organization of Gold Mining Business, with Specimens of 

the Departmental Report Books and the Account Books. 

By Nicol Brown. Second edition, 220 pp:,' fcap. folio. 

{1903,) £1 5s. net. 
Handbook <>n Railway Stores Management. By. W. O. 

Kempthorne. 268 pp., demy 8vo. {1907,) > ic^. 6d\ net. 

Depreciation of Factories, Municipal, and Industrial Under- 
takings, and their Valuation. By E. Matheson. Fourth 
edition, 230 pp., Svo. {1910,) 12s. 6d. net. 

Aid Book to Engineering Enterprise. By E. Matheson. 

Third edition, 916 pp., 8vo, bucja^am.. {1898,) £1 4s. pet. 

Comniercial Organization of, Engineering Factories, By 
H. Spencer. 92 illus., 221 pp., 8vo. {1914,y ios, 6d. net. 

PHYSICS 

Colour, Heat and Experimental Science 
The Entropy Diagram and its Applications. By M. J. 
Boulvin. 38 illus., 82 pp., demy 8vo. {1914,) 5s. net. 
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Railway Engineering, Mechanical and Electrical. By 
J. W. C. Haldane. New edition, 141 illus., xx + 583 pp., 
8vo. (1908.) 15s.net. 

The Construction of the Modern Locomotive. By G. 
Hughes. 300 illus., 261 pp.,. 8vo. {1894.) 9s. net. 

Practical Hints for-Light Railways at Home and Abroad 
By F. R. Jolinson. 6 plates, 31 pp., crown 8vo. {1896] 
zs. fid. net. 

Handbook on Railway Stores Management. By W. 0. 
Kempthorne. 268 pp., demy 8vo. {1907.) ids. 6d. net. 

Railway Stores Price Book. By W. O. Kempthorne. 

490 pp., demy 8vo. {1909.) 10s. 6d. net. 

Pioneering. By F. SheUord. 14 illus., 88 pp., crown 8vo. 
{1909.) . 3s. net. 

Handbook on Railway Surveying for Students and Junior 
Engineers. By B. Stewart. 55 illus., 98 pp., crown 8vo. 
{1914.) 2s. 6d. net. 

Modern British Locomotives. By A. T. Taylor. Second 
ed. 100 diagrams of principal dimensions, 118 pp., oblong 
8vo. {1914^ 5$. net. 

Locomotive Slide Valve Setting. By C. E. TuUy. lUus- 
tratedi r8ma. {1903,) is. net. 

The Railway Goods Station. By F. W. West. 23 illus., 
XV + 192 pp., crown 8vo. {1912.) 4s. 6d. net. 



SANITATION, PUBLIC HEALTH AND 
MUNICIPAL ENGINEERING 

Engineering Work in Public Buildings. By R. O. Allsop. 

77 illus., ix + 158 pp.^ demy 4to. {1912.) 12s. (d. net. 

Public Abattoirs, ' their Planning, Design and Equipment. 
By R. S. Ayling. 33 plates, 100 pp., demy 4to. {1908.) 
los. 6d. net. 

Sewage Purification. By E. Bailey -Denton. 8 plates, 
44 PP»> 8vo. {1896.) 5s. net. 

Water g^upply and Sewerage of Country Mansions and 

Estates, By E.- "Bailey -Denton. 76 pp., crown 8vo. 
{1901.) 2s. 6d. net. 
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Housing and Town-Planning Conference, 1913. Being a 
Report of a Conf^ence held by the Institution of Municipal 
and County Engineers at Great Yarmouth. Edited by 
T. Cole. 42 folding plates, 227 pp., 8vo. los. 6d. net. 

Housing and Town Planning Conference, 1911. Report 
of Conference held by the Institution of Municipal and 
County Engineers at West Bromwich. Edited by T. 
Cole, Secretary. 30 plates, 240 pp., 8vo. los. 6d, net. 

Sanitary House Drainage, its Principles and Practice. By 
T. E. Coleman* 98 illus., 206 pp., crown 8vo. {1896.) 
' 3s. 6d. net. 
Stable Sanitation and Construction. By T. E. Coleman. 

183 illus., 226 pp., crown 8vo. {1897.) 3s. net. 
Discharge of Pipes and Culverts. By P. M. Crosthwiaite. 

LargiB folding sheet in case. 2^. 6d. net. 
A Complete and Practical Treatise on Plumbing and 
Sanitation. By G. B.Davis and F. Dye. 2 vote., 637 
illus. and 21 folding plates, 830 pp., 4to, cloth. {1899.) 
£1 10s. net. 
Standard Practical Plumbing. By P. J. Da vies. 

Vol: I. Fourth edition, 768 illus., 355 pp., royal 8vo. 
{1905.) 7s. 6d. net. 

Vol. II. Second edition, 953 illus., 805 pp. {1905.) 
los. 6d. net. 
Vol. III. 313 illus., 204 pp. {1905.) 5s. net. 
Conservancy, or Dry Sanitation versus Water Carriage. 
By J. Donkin. 7 plates, 33 pp., 8vo, sewed. {1906.) is. net. 

Sewage Disposal Works. By W. C. Easdale. 160 illus., 

264 pp., 8vo. {1910.) los. 6d. net. 
Reports and Investigations on Sewer Air and Sew6r Ven- 
tilation. By R. H. Reeves. 8vo, sewed. {1894.) is. 

net. 
Sewage Drainage Systems. By Isaac Shone. 27 folding 

plates, 47 illus., 440 pp., 8vo. {1914.) 255. net. 
Drainage and Drainage Ventilation Methods. By Isaac 

Shone, C.E. 7 folding plates, 36 pp., 8vo, leather. 

{1913.) 6s. net. 
Valuations. By S. Skrimshire, F.S.I. 200 fully worked 

examples, 460 pp., 8vo. {1915). los. 6d. net. Postage: 

inland, ^d.; abroad, lod. 
The Law and Practice of Paving Private Street Works, 

By W. Spinks. Fourth edition, 256 pp., 8vb. {1904.) 

I2S. 6d. net. 
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STRUCTURAL DESIGN 

(See Bridges and Roofs) . 

TELEGRAPH CODES 

New Business Code. 320 pp., narrow 8vo. (Size 4i in. by 
7| in. and J in. thick, and weight 10 oz.) {New York, 1909.) 
£1 IS. net. 

Miners' and Smelters* Code (formerly issued as the Master 
Telegrapti Code). 448 pp., 8vo, limp leather, weight 
14 oz. (New York.) £z los. net. 

General Telegraph Code. Compiled by the Business Code 
Co. 1,023 PP-. small 4to, with cut side index for ready refer- 
ence. (New York, 1912.) 63s. net. Postage: inland, 
6d. \ abroad, 1$. ^. 

Billionaire Phrase Code, containing over two million sen- 
tences coded in single words. 56 pp., 8vo, leather, (Nevi 
York, 1908.) 6s. 6d. net. 

WARMING AND VENTILATION 

* 

Hot Water Supply. By F. Dye. Fifth edition, new impres- 
sion, 48 illus., viii + 86 pp., 8vo. (1912.) 3s. net. 

A Practical Treatise upon Steam Heating. By F. Dye. 

129 illus., 246 pp., 8vo. (1901.) los. net. 

Warming Buildings by Hot Water. By F. W. Dye. Second 
Edition, revised, with 159 illus., xvi + 316 pp., 8vo. (1917.) 
10s. net. Postage, Inland 5^. ; Abroad, 8^. 

Centrifugal Fans. By J. H. Kinealy. 33 illus., 206 pp., 
fcap. 8vo, leather. (New York, 1905.) 12s. 6d. net. 

Mechanical Draft. By J. H. Kinealy. 27 original tables and 
13 plates, 142 pp., crown 8vo. (New York, 1906.) 9$. net. 

Theory and Practice of Centrifugal Ventilating Machines. 
By D. Murgue. 7 illus., 81 pp., 8vo. (1883.) 5s. net. 

Heating Engineers' Quantities. By W. L. White and G. M. 
White. 4 plates, 33 pp„ folio. (1910.) los. 6rf. net. 

WATER SUPPLY 

(See also Hydraulics) 
Manual of Hydrology. By N, Beardmore. New impres- 
sion, 18 plates, 384 pp., 8vo. (1914.) 10s. 6d. net. 
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Water Softening and Purification. By H. GoUet« Second 
edition, 6 illus., 170 pp., crown 8vo. (1908,) 6s. net. 

Treatise on Water Supply, Drainage and Sanitary Appliances 
of Residences. By F. Colyer, 100 pp., crown 8vo. 
{1899,) IS. 6i, net. 

Purification of Public Water Supplies. By J. W. Hill. 

314 pp., 8vo. (New York, 1898,) , los. 6d, net. 

Well Boring for Water, Brine and Oil. By G* Isler. Second 
edition, 105 illus., 296 pp., 8vo. (1911,) los. 6d, net. 

Method of Measuring Liquids Flowing through Pipes by 
means of Meters of Small Calibre. By Prof. G. Lange. 
I plate, 16 pp., 8vo, sewed. (1907.) 6i, net, 

On Artificial Underground Water. By G. Ricbert. 16 

illus., 33 pp., 8vo, sewed. (1900.) is. 6d, net. 

Notes on Water Supply in new Countries. By F. W. Stone. 

18 plates, 43 pp., crown 8vo. (1888,) 5s. net. 

The Principles of Waterworks Engineering. By J. H. T. 
Tudsbery and A. W. Brightmore. Third edition, 13 
folding plates, 130 illus., 447 pp., demy 8vo. (1905,) £1 is. 
net. 
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For Art Workers and Mechanics 

Alphabet of Screw Gutting. By L. Arnaudon; Fifth 
edition, 92 pp., cr. 8vo., sewed. (1913.) 4s. net. 

Artistic Leather Work. By E. Ellin Garter. 6 plates and 
21 illus., xii + 51 pp., crown 8vo. (1912.) 3s. net. 

Galculatioh of Ghange Wheels for Screw Gutting on Lathes. 
By D. de Vries. 46 illus., 83 pp., 8vo. (1914,) 3s. 6d. 
net. 

Milling Machines and Milling Practice. By D. de Vries. 

536 illus., 464 pp., medium 8vo. (1910,) 9s. net. 

French-Polishers' Manual. By a French-Polisher. New 

impression, 31 pp., royal 32mo< se>yed. (1912,) 6d, net. 

|. Galvanizing and Tinning. By W. T. Flanders. 134 Illus., 
1 350 pp., 8 vo. (New York, 1916.) 14s, net. Postage: in- 
land, 6d. ; abroad, is. 
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Art of Ck>pper-$mitbing. By J. Fuller. Fourth edition, 
483 illus., 319 pp., royal Svo. {New York: 1911.) 13s. net. 

Cycle Building and Repairing. By P. Henry. 55 illus., 
96 pp., cr. 8vb. (S. & C. Series, No. 43.) is. 6i. net. 

Tamer's and Fitter's Pocket Book. By J. La Nicca. iSmo, 
sewed. 6i. net. 

Tables for Engineers and Mechanics, giving the values of the 
different trains of wheels required to produce Screws of any 
pitch. By Lord Lindsay. Second edition, royal Svo, 
oblong, zs. ndt. 

Screw-cutting Tables. By W. A. Martin. Seventh edition. 
New imp., oblong Svo. is. net. 

Metal Plate Work, its Patterns and their Geometry, for the 
use of Tin, Iron and Zinc Plate Workers. By C. T. Millis. 
Fourth Ed., New imp., 280 illus., xvi + 456 pp., cr. Svo. 
{1918.) 9s. net. 

Tbe Practical Handbook of Smithing and Forging. Engin- 
eers' and General Smiths' Wwk. By T. Moore. New 
impression, 401 illus., 248 pp., crown Svo. {1912,) 6s. net. 

Turner's Handbook on Screw -cutting, Coning, etc. By 
W.Price. Newimpression, 56pp., fcap. Svo. {1912,) 6i.net. 

Introduction to Eccentric Spiral Torntng. By H. G. 
Robinson. 12 plates, 23 illus., 48 pp., 8vo. {1906.) 
4s. (d, net. 

Forging, Stamping, and General iSmithing, By B. Saun- 
ders. '728 illus., ix + 428 pp., demy 8vo. {1912.) ] £1 is. 
• net. - 

Pocket Book on Boiler making, Shipbuilding, and the Steel 
and Iron Trades in General. By M. J. Sexton. Sixth 

edition, new impression, 85 illus., 319 pp., royal 32mo,.roan, 
gilt edges. {1912.) 6s. net. 

Power and its Transmission. A Practical Handbook for the 
Factory and Works Manager. By T.A.Smith. 76 pp^, 
fcap. Svp. (1910.) 2S. net. / 

Spbns' Mechanics' Own Book,: A Manual for Handicrafts- 
men and Amateurs. Seventh edition, 1,430 illus., 720 pp., 
demy Svo. {1916.) 7s.6d.net 
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Spohs' Workshofi Receipts for Manufactarers, Mechanics 
and Scientific Amateurs. New and thoroughly revised 
edition, crown 8vo. (1917.) 5s. each net. 

Vol. I. Acetylene Lighting to Drying. 223 iUus., 
532 pp. 
Vol. II. Dyeing to Japanning. 259 illus., 540 pp. 

Vol. III. Jointing Pipes to Pumps. 257 illus., 528 pp. 

Vol. IV. Rainwateii Separators to Wire Ropes.' 
321 iUus., 540 pp. 

Wire and Sheet Gauge Tables. By Thomas Stobbs, Sheffield. 
A Metal Calculator and Ready Reckoner for Merchants, and 
- far Office and Shop use, in Sheet, Plate, and Rod Mills, and 
Forges. 8vo, 95«pp. (1916.) 3s. 64. net. Postage, 4^. 

Gauges at a Glance. By T. Taylor. Third Edition in the 
press. 

&mpl<^ Soldering, both Hard and Soft. By E. Thatcher. 

5^ 'iUus., 76 pp., crown 8vo. (S. & C. Series, No. 18.) 
{New York, 1914.) is. 6d. net. 

Practical Wood Carving. By G. J. Woodsenrf. 108 illus., 
86 pp„ &vb. Second ed. {New York, 1908.) 5s. net. 

American Tool Making and Interchangeable Manufacturing. 
. By J. W. Woodworth. Second Ed. 600 illus., 535 pp., 8vo. 
{New York, 1911.) 205. net. 



. USEFUL TABLES 

See also Curve Tables, Earthwork, Foreign Exchange, 
Interest Tables, Logarithms, and Metric Tables. 

Weights and Measurements of Sheet Lead. By J. Alex- 
andet. 32mo, roan* is. 6d. net. 

Barlow's Tables of Squares, Cubes, Square Roots, Cube Roots 
and Rttappocals, of. all Integer Numbets from i to 10,000. 
200 pp., crown 8vo,. leather cloth. 55. net. 

Tables of Squares. Of every foot, inch and ^ of an inch from / 

. ^ oi*aii inch to 5b feet. By E. E. Buchanan. Eleventh / 
edition, 102 pp., i6mo. 5s. net. : . . 



40r E. & F. N. SPON'S SHORT LIST 

-------.I _ ■■■■ _■ II 

lAp4 ^J^ T^iLblea. By W* Ciodd. For iise with Amslor'f 
Planimeter. On sheet in envelope with e^cplaixatorj 
pamphlet, is. 6rf, net. Or separately, tables on sheet i5. net 
Pamphlet, 6d, n^et. 

Time Recording Tables for the Premium Bonu^ System 
By E. H. Hiunber^tone. 28 pp., fcap. i6mo/ limp. 
[1917.) IS.." 6^. net. - ■ 

Calcul^itiag Scale. ^A Substitute for the Slide Rule, By W, 
Khowles. Crown 8vo, leather, is. net. 

Decimal Tables. By Sir G. L. Molesworth. 100 pp., 

oblong Tpy^l. 32 mo. (1918 j) 2s. net. ... 

Plaaitiieiter Areas. Multii^iers for various scales. By H, B. 
Mol<e;8W<3irth. Folding sheet in cloth case. is. net. 

Tables of 3eamless . Copper Tubes. By I. O'Toefke^ 

69 pp., oblong fcap. 8vo. 3s. 6d. net. 

Steel Bar ao4 Plate Tables; 'Giving Weight- per Lineal' Foo^ 
.. of £^ sizes of L and.T Bars, Flat Bars, Plates, Squaref, and 
Round Bars. By E. Read. On large folding card. is. tiet. 

Rownson's Iroii Merchants' Tables and^enaora^d?. Weight ^ 
and l\|easures^ 86 pp., 32inp, leather... 3s. 6<i.<net. 

Spon^' T^^^ ^^^ Memoranda for fUlgixie^s. By J«.T<\ 

Hu^'st^ ,C.pt Twelfth; edition, 278 pp.> 64mo/;roan> gilt^ 
edges. (1916.) is. 6d. net. ■ \ .^» -^ 

Wire and Sheet Gauge Tables. By T. Stobbs xx + 96. ; 

pp., cr. 8vo, leather cloth. [1916.) 3s.6rf.net. Postage, 4^. 

Optical Tables and Data, for the use t)f Opticians. By Prof. 
S..P.. ThompsQA. Second edition^ 130 pp., oblong 8vo. 

'{19Q7.) ■ 6s.; 6(f.. n^t^ , ^ ' ; •; ; . . ' 

The Wide Range piYideiid>a]id Interest Calculator* sl}Qwix|i^| 
at a'iglance the pefcentage on any sui^i from j^i lQ;fiQ,ooo,i 
at any Interest from 1% to i2j%, proceeding by \%] also J 
Tabl^jOf Incpme.Tax deductions oi). any snm. tfcan £1 to 
. ..£x^,oo<),rat9rfvi$.,and,is.:24.inthe£.' • B^ Alfred Stevens. 
100 pp., super ..royal 8vd. 6^., net* Quarter if ®J^®cco, 
cloth sides. 7s. 6rf. net. 

Fjifty-fojup* Hpui:9*.:W.age9 Calculator. .By Hw N. Whitetow.^ 

^---^ond edition, 79 pp., 8vo. ,2s. 6<i.!.net. • ; .: .- 
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